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Nomenclature and symbols  
 
AEM  anion exchange membrane  
AO anodic oxidation   
AO7 acid orange 7 
AOP advanced oxidation process 
BDD boron-doped diamond 
CE  current efficient  
CEM cation exchange membrane 
COD chemical oxygen demand 
Dm diffusion coefficients 
σ diffusion layer thickness 
DSA dimensionally stable anode 
DSA-Cl2 DSA used for chlorine evolution 
DSA-O2 DSA used for promoting the OER 
Ecell  potential between the anode and cathode 
EAOP electrochemical advanced oxidation process 
EC  energy consumption 
EF electro-Fenton 
F  Faraday constant 
Km mass-transport coefficient 
i  current intensity 
j  current density 
jlim limiting current density 
iapp applied current density 
IEO indirect electro-oxidation 
 
 II 
M  anode surface 
MO metal oxide electrode 
OCV  open circuit potential 
P  power density  
R the universal gas constant  
Rext external load resistance  
Rp reaction rate 
SCE saturated calomel electrode 
T the absolute temperature 
TOC total organic carbon 
V solution volume 
α the average permselectivity of the membrane pair 
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In the last years, many efforts have been devoted to the development of electrochemical 
processes for the effective treatment of wastewater contaminated by organic pollutants 
resistant to conventional biological processes and/or toxic for microorganisms. It was 
shown that some electrochemical approaches, including the direct anodic oxidation at 
suitable anodes such as boron doped diamond (BDD) and/or the oxidation by electro-
generated active chlorine and/or electro-Fenton (EF) using suitable operating conditions 
and cells, can allow to treat effectively a very large number of organic pollutants. 
Electrochemical processes present several advantages with respect to other advanced 
oxidation processes such as: very mild operative conditions, no transport or storage of 
oxidants, limited operative and capital costs, wide versatility and very high removal of 
various kinds of pollutants.  
  As a result of all these considerations, a plethora of studies were dedicated to the 
evaluation of various electrochemical approaches and to the selections of proper 
operating conditions and cells. However, most of the investigations were performed using 
synthetic wastewater. Hence, it is now mandatory to study the problems connected to the 
passage from synthetic wastewater to the real ones. Furthermore, such processes present 
various problems such as the necessity to use significant amounts of electric energy and 
very high cell potentials needed to treat wastewater with low conductivity. In this thesis, 
various solutions were proposed and studied to face these problems, the following studies 
were performed.  
(1) Electrochemical degradation of phenol containing wastewater with high and low 
conductivity. The abatement of organic in synthetic wastewater with high and low 
NaCl content was performed by various routes, in order to evaluate the effect of the 
NaCl concentration on the process. 
(2) Electrochemical treatment of real wastewater with low conductivity. The problem of 
wastewater with low conductivity was investigated in detail, using a real wastewater 
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containing organics and characterized by quite low conductivity, coming from the 
separation of oil and water phases performed from one company devoted to the 
treatment of wastewater. Two different cells were used: a conventional undivided 
batch cell operated both in the absence and in the presence of a supporting electrolyte, 
and a micro cell, with the main aim to evaluate if real wastewater with low 
conductivity can be properly treated by electro-chemical oxidation at BDD anode and 
to select the more promising cell and route. 
(3) Study on electro-Fenton process. Large attention was devoted to the key stage of the 
cathodic conversion of oxygen to H2O2 focusing on the effect of various parameters 
(such as the nature and the area of the anode, the ratio between the cathode and anode 
surface, the current density and the mixing rate) that can affect also the anodic 
oxidation of H2O2 in undivided cells. 
(4) Treatment of synthetic wastewaters without energy inputs using the salinity gradient 
of wastewaters and a reverse electrodialysis stack. A RED process for the treatment 
of synthetic wastewaters contaminated by organics, without energy inputs, using the 
salinity gradient of different synthetic wastewaters, was studied for the first time. Two 
very simple wastewater matrices, containing only formic acid as a model organic 
compound and NaCl, were used in order to provide a first proof of the proposed 
concept, with the main aim of evaluating if it is possible to use the salinity gradients 
of these synthetic wastewaters to remove their TOC. 
(5) Assisted reverse electrodialysis for CO2 electrochemical conversion and treatment of 
wastewater. The utilization of A-RED was proposed for the first time for two very 
different purposes: (i) the treatment of synthetic wastewater contaminated by organics; 
(ii) the conversion of carbon dioxide to high added value products. These processes 
are chosen as particularly promising examples, since for both an improvement of 
economics is necessary for the passage on an applicative scale, which could 





(1) This study provides a new and simple route to improve the production of H2O2. 
Differently from the current literature, this route involves a high Acathode/Aanode ratio, 
avoiding the usage of expensive cells design and electrodes. 
(2) An electrochemical microfluidic reactor is used to treat low conductivity real 
wastewater without additional electrolyte. The usage of this kind of reactor results in 
both a high pollutant removal efficiency and low energy consumption. This provides 
a pathway for the application of the electrochemical treatment process of low-salt 
wastewater in industrial scale. 
(3) Both the degradation of organic pollutants and the production of chemicals are 
performed using reverse electrodialysis, RED, without or with a low supplied external 
electricity, Assisted-RED. In RED and A-RED, electric energy is provided by salinity 















Chapter 1. State of art on advances technologies electrochemical 
wastewater treatment 
1.1 Introduction 
In the past three decades, intensive studies on the application of advanced oxidation 
processes (AOPs) for wastewater treatment have been carried out [1-4]. Compared with 
conventional treatment technologies, AOPs could achieve higher removal rates for 
organic pollutants, especially for the refractory substances. Using AOPs for organic 
pollutants removal in some cases presents several challenges, including: (a) incomplete 
mineralization of the pollutants. (b) the production of toxic intermediates (c) high cost of 
processes. In order to overcome those drawbacks, in the last years, many efforts have 
been devoted to the development of electrochemical processes for the effective treatment 
of wastewater contaminated by organic pollutants resistant to conventional biological 
processes and/or toxic for microorganisms. Fig.1-1 reports some electrochemical 
approaches, including the direct/indirect anodic oxidation at suitable anodes and/or 
electro-Fenton (EF) at suitable operating conditions and reactors. Furthermore, their 
attractiveness is enhanced by three other relevant factors: 
• the possibility to use both cathodic and anodic processes to enhance the effectiveness 
of the treatment; 
• the possibility to couple the wastewater treatment performed in one compartment of 
the cell with another process carried out in the other compartment, such as, for example, 
the carbon dioxide conversion to useful chemicals or fuels, thus improving dramatically 
the economics; 
• the possibility to use the amount of intermittent electric energy generated by renewable 
sources in excess with respect to the needs of the grid. 
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Fig.1-1 Electrochemical wastewater treatment technologies [5] 
 
However, in spite of the advantages mentioned above, there are still many factors 
limiting their application on an industrial scale. For example, the short life of some 
electrode materials, the low current efficiency obtained under certain reaction conditions, 
the high energy consumption, etc. In addition, the effect of various operative parameters 
was not fully understood in many cases [6-8]. 
1.2 Anodic oxidation by HO  
As stated by several experts, the HO electro-generation consists by physisorption 
HO and chemisorption HO [9-12]. In the case of physical adsorption, HO is weakly 
linked to the anode surface and the nonselective oxidation of organics was often 
observed, which may cause complete combustion to CO2.The chemisorbed HO is 
easily transformed into a higher state oxide or superoxide MO, and in most of cases only 
partial oxidation of organics is achieved; the refractory aromatic organics can be 





- Metal oxides, Pt, graphite anodes
- Boron-doped diamond anode
Indirect electrochemical oxidation









Nevertheless, the efficiency of decontamination (poor, partial, or total) by both 
processes is affected by several conditions (electrode materials, pH, pollutant, 
conductivity of the solution, current density, etc.), as discussed in the next sections.  
1.2.1 Effect of anode material 
The efficiency of the EO process is highly dependent on the nature of the anode 
material. A high number of anodes have been tested for the treatment of dyes including 
metal oxides, carbonaceous materials, Pt and PbO2, boron-doped diamond (BDD). Table 
1-1 presents the oxygen evolution potential of several most commonly used anode 
materials in the EO process. RuO2, IrO2, Pt and graphite electrodes are typical examples 
of active anodes (that gave chemisorption of hydroxyl radicals), exhibiting potential for 
O2 evolution lower than 1.8 V/SHE, whereas PbO2, Ti/SnO2-Sb2O5, BDD can be 
considered as non-active electrodes (i.e., they give physical adsorption of hydroxyl 
radicals), presenting oxygen evolution potentials from 1.8 to 2.6 V/SHE [13,14]. Due to 
its high anodic stability and wide potential window, BDD is considered to be an effective 
material for the direct combustion of organics in wastewater. 
Panizza et al. [15] reported the effect of different anode materials on the degradation 
of 2-naphthol. In the same electrolysis conditions, the organic pollutants were totally 
removed in 6 h and 24 h by BDD and PbO2 anode, respectively, while, just 10% removed 
by using DSA/Ti−Ru−Sn anode in 24 h. Martínez-Huitle et al. [16] conducted the similar 
electrochemical degradation studies on chloranilic acid. The COD removal rate reached 
100% in 6.4 h by BDD anodes, 80% in 11 h by PbO2 anodes, while only 50% after 15 h 
by DSA/IrO2 anodes.  
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Table 1-1 Classification of anode materials based on their oxidation power and potential for O2 
evolution in acidic media [13] 
 
 
1.2.2 Effect of supporting electrolyte and conductivity  
The performances of electro-chemical treatment are expected to strongly depend on 
the conductivity of the wastewater. Typically, most lab-scale studies reported in the 
literature use synthetic solutions of a given pollutant (or a mixture of pollutants) and large 
concentrations of salts are added as supporting electrolyte to increase the conductivity, 
thus reaching concentrations much higher than those found in real effluents [6,17,18]. 
Usually, NaCl or Na2SO4 are routinely added [19]. It is worth highlighting that when 
chlorides are used, the Cl-mediated oxidation will be favored. For example, Rabaaoui et 
al. [20] reported the addition of equal amounts of Na2SO4, KCl, NaClO4, NaCl, as 
electrolytes on the treatment of the o-nitrophenol solution with BDD anodes. It was 
shown that the best organic removal rate was obtained when the electrolyte was Na2SO4. 
Thiam et al. [21] reported the direct electrochemical degradation studies on Allura Red 
AC dye wastewater by BDD electrodes with the aid of ultraviolet radiation; they found 




Na2SO4. In contrast, González et al. [22] found that the highest removal efficiency of 
organic was obtained with 70 g L-1 Na2SO4 in the degradation of the antibiotic 
trimethoprim wastewater by BDD anode.  
The treatment of real wastewater is much more complex. As stated, studies with 
synthetic wastewater are far from the real scenario in which the concentrations of 
pollutants and salts are fully determined by the industrial process in which they are 
produced. Furthermore, many domestic and industrial wastewater present quite low 
conductivity. In spite of this, in most of cases wastewater with high conductivity were 
selected [23,24]. In few cases real wastewater with low conductivity were used [25-28]; 
in some occasions, the researchers solved the problem of the low conductivity, by the 
addition of a supporting electrolyte such as Na2SO4. However, from an applicative point 
of view, the addition of chemicals to the solution leads to a strong increase of the 
operating costs and to a more difficult authorization procedure since it can cause the 
formation of secondary pollutants. As a further example, Tsantaki et al. [29] studied the 
electrochemical treatment of a textile wastewater adding perchloric acid (HClO4) as 
supporting electrolyte to increase effluent conductivity and decrease the electrical 
consumption, a critical approach in view of both the cost and the toxicity of ClO4−. 
1.2.3 Effect of current density 
In the process of electrochemical oxidation at the anode surface, the electro-generation 
of oxidants can be controlled by adjusting the current density directly [19,30]. Normally, 
when the electrolysis reaction is running at a low current density, the anodic oxidation 
reaction is not controlled by the mass transfer of pollutants to the anode surface, and the 
current efficiency and the removal rate of pollutants will increase with the increase of 
current density; on the contrary, when the electrolysis reaction is operated under high 
current density, the oxidation at the anode surface is likely to be controlled by mass 
transfer, and the increase of the current density is coupled with the increase of the oxygen 
evolution, resulting in lower current efficiency and pollutant removal rate; the electrolysis 
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reaction is under mixed kinetic control when the current density is at an intermediate 
value [13].  
Furthermore, there are also other several operation variables that affects EO process, 
including pH, temperature, the nature and concentration of the organic pollutant. The 
effect of pH and temperature have been investigated in many papers, with different 
findings depending on the target pollutants, supporting electrolytes and the anode 
materials. In general, many studies reported that the removal efficiency of organic 
pollutants by EO tends to increase in the lower pH range and higher temperature.  
1.3 Indirect electro-oxidation with active chlorine  
Aqueous solutions of organic pollutants can be decontaminated by indirect oxidation 
with electro-generated active chlorine (IOAC), where anodic oxidation of chloride ions 
leads to the formation of free chlorine, hypochlorous acid and/or hypochlorite, which can 
oxidize the organics near to the anode or/and in the bulk of the solution (Eq.1-1) [31-36]. 
    Organics + OCl- → intermediates → CO2 + Cl- + H2O                    (1-1) 
In the IOAC process, the main factors that affect the yield of active chlorine and the 
degradation of organics are: anode material, pH, current and potential, fluid dynamics, 
chloride ion concentration, organic pollutant concentration, reaction temperature, etc. 
1.3.1 The effect of anode materials and pH 
The anode material plays a decisive role in these processes. Likewise, the instantaneous 
current efficiency for the formation of active chlorine strongly depends on the nature of 
the anode, and it is influenced by the competition between the formation of active chlorine 
and parasitic reactions such as (1) the production of hydroxyl radicals, which directly 




efficiency of active chlorine generation; (3) the electrochemical reaction to generate 
chlorate and the reduction of the generated oxidants at the cathode[37-39].  
According to some researchers’ work, chloride oxidation is enhanced at low pH (see 
Fig. 1-2) [40] and porous anodes can exhibit in the porous structure substantially lower 
pH than in the bulk of the solution. Thus, the OER at the anode causes the acidification 
of the aqueous medium, leading to a gradient of pH between the anode surface and the 
bulk solution. For porous anodes, a very low pH is maintained in the porous structure of 
the anode nearly independent of the bulk pH, allowing the oxidation of chlorides to active 
chlorine even in nonacidic solutions [41]. In this context, it is important to remember that 
metal oxide anodes often present a porous-like structure, thus favoring chlorine evolution 
at nonacidic pH. 
 
Fig. 1-2 Speciation diagram for the chlorine vs pH [40]. 
 
As shown in Fig. 1-3, Kraft et al. [42] summarized the free chlorine production 
efficiency on the chloride concentration for two DSA made with active coatings of IrO2 
or IrO2/ RuO2, Pt, and BDD. It can be seen that both DSA outperform the other two 
anodes. Metal oxide anodes are usually preferred to graphite, Pt and BDD for a higher 
ICEAC. In particular, among metal oxides, active anodes (such as Ir- and Ru-based 
electrodes) often yield higher ICEAC than nonactive ones (such SnO2 and PbO2). 
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Fig. 1-3 Dependence of the electrochemical free chlorine production efficiency on the chloride content 
of the electrolysed water under standard conditions using four different anode materials (iridium oxide, 
mixed iridium/ruthenium oxides, platinum, doped-diamond) [42]. 
 
Scialdone and co-workers [43] reported that when the electrolysis reaction is carried 
out under the charge transfer control, the current efficiency increases with the increase of 
the current density while Neodo and Choi et al. [44] reported that when the electrolysis 
reaction is under mass transport control, the current efficiency in the electrochemical 
production of active chlorine will decrease with the increase of current density. On overall, 
when organics are mainly oxidized by active chlorine and the oxidation of chloride is not 
limited by mass transport, the mineralization of organics is likely to increase upon 
enhancing the current density and, for many systems, decreasing the flow or the mixing 
rate. Conversely, if the oxidation of organics occurs by active chlorine whose formation 
is mass transport controlled, the current efficiency for the mineralization of organics 
should decrease upon enhancement of the current densities and decrease of the flow or 




1.3.2 Effect of supporting electrolyte (chloride ion content) 
Chloride ions are often present in liquid effluents and natural water, thus making 
inevitable the appearance of active chlorine during the wastewater treatment. Commonly, 
the degradation efficiency of organic pollutants increases with the increasing of the 
chloride ions concentration, since the increase of active chlorine produced during the 
IOAC process. For example, Grgur et al. [36] found that methomyl cannot undergo 
degradation reactions on the surface of active DSA (Ti/RuO2) anodes without the 
participation of chloride ions. When a certain amount of NaCl was added, a good removal 
effect was obtained. Zhou et al. [45] used the same anode to treat methyl orange 
containing wastewater; the decolorization and degradation of methyl orange were 
improved by adding a small amount of NaCl. However, the researchers found the opposite 
conclusion with the inactive anode. Costa and co-workers [46] showed that the addition 
of NaCl to a phosphate buffer solution of acid black 210 dye at BDD gave a decrease in 
the abatement of TOC in a large range of pH. Scialdone and co-workers [47,48] showed 
that the addition of NaCl resulted in a lower COD abatement in the EO process of acid 
orange 7 or chloroacetic acid wastewater using BDD.  
From the above discussion, it can be seen that the degradation of organic pollutants by 
indirect electrochemical oxidation of active chlorine is more complicated, and different 
reaction conditions show different removal effects. During the reaction, parasitic 
reactions such as chlorate and perchlorate will greatly reduce the amount of active 
chlorine produced. In addition, it is difficult to degrade some types of refractory organic 
pollutants, and most large organic molecules pollutants can be only converted into the 
small one, which cannot be degraded completely. These factors have greatly affected the 
application of indirect electrochemical oxidation of active chlorine in real wastewater 
treatment projects. 
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1.4 Electro-Fenton 
As shown in Fig.1-4, in the EF process, H2O2, generated through the reduction of 
dissolved oxygen on the surface of the cathode (Eq.1-2), reacts with Fe2+ to generate the 
HO• radicals in the solution (Eq. 1-3).The polarized cathode allows the continuous in situ 
electro-generation of H2O2 and the regeneration of Fe(II) (Eq. 1-4), thus avoiding the use 
of high quantities of H2O2 and Fe(II) salt and increasing the effectiveness of the process 
[49-53].  
O2 + 2H+ + 2e− → H2O2                                                                 (1-2) 
Fe2+ + H2O2 → Fe3+ + HO− + HO•                                   (1-3) 
Fe2+ + H2O2 +H+ → Fe3+ + H2O + HO•                                (1-4) 
These formed •OH react with organics, leading to their oxidation / mineralization (Eq.1-
5). 
Organic pollutants + HO• → oxidation intermediates                     (1-5) 
 





Compared with the traditional chemical Fenton process, electro-Fenton shows various 
advantages such as: (i) on-site production of H2O2 effectively avoids risks occurring 
during transportation, storage or usage; (ii) the continuous regeneration reaction of Fe2+ 
on the cathode surface; (iii) an increased degradation of organic pollutants, (iv) the 
production of iron-containing sludge is greatly reduced and (v) lower operating cost. In 
order to improve the electric Fenton process in the wastewater treatment, various reaction 
conditions were analyzed and furthermore optimized such as pH, current density, catalyst 
content, pollutant types, cathode materials, dissolved oxygen and reactor design [55-58]. 
1.4.1 Electrode materials 
Due to the low solubility of oxygen in aqueous solutions, the production of hydrogen 
peroxide is greatly restricted. In order to improve the performances of the process, many 
works were devoted in the last years to the study of various kinds of cathodes such as 
graphite [59,60], hierarchically porous carbon [61], carbon cloth [62], carbon sponge [63], 
reticulated vitreous carbon [64] or carbon felt [65,66]. The utilization of cathodes 
fabricated by the combination of different carbon powders and polytetrafluoroethylene 
(PTFE) [67,68] or by the deposition of carbon and PTFE mixtures on carbonaceous 
supports [69-71] often allowed to increase the working current density with respect to 
unmodified materials and, therefore, the rate of production of hydrogen peroxide. In 
particular, gas diffusion electrodes (GDE) [72] allowed the generation of quite high 
concentrations of hydrogen peroxide [73-76]. However, the utilization of such electrodes 
enhances the complexity and the cost of the cell, thus making more difficult the 
development of the process on an applicative scenario. Hence, carbon-felt was often 
chosen as cathode for EF process, for its high specific surface that favors the fast 
generation of both components of the Fenton’s reagent (H2O2 and Fe2+), enhancing the 
generation of HO• from Fenton’s reaction.  
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1.4.2 The effect of pH 
pH is a very important factor in EF process. Indeed, both too high and too low pH are 
not beneficial to the progress of the electro-Fenton reaction. When the pH is high, iron-
containing sludge is produced [77]. Furthermore, higher pH will accelerate the 
decomposition of H2O2 to oxygen and water. When the pH is too low, a large amount of 
iron ions will exist in the form of complex [Fe(H2O)6]2+, which reacts slowly with 
hydrogen peroxide, decreasing the generation of HO[78]. After a lot of researches, it has 
been proved that the optimal pH should be controlled at about 3 [79]. 
1.4.3 The effect of catalyst 
Pimentel et al. [80] reported the effect of different catalysts on the conversion of H2O2 
to HO; iron, cobalt, manganese and copper were adopted, respectively. It was 
demonstrated that Fe2+ is particularly effective for the electro-Fenton system. Usually, the 
degradation efficiency of organic pollutants by the EF process increases with the increase 
of Fe2+ input. However, in the study of Sankara et al. [81], it is pointed out that within a 
certain range, excessively increasing the concentration of Fe2+ has little effect on the 
removal efficiency of organic. At the same time, excessive Fe2+ will increase the iron salt 
content in the water, thereby increasing the total dissolved solid content in the discharged 
water, resulting in the secondary pollution. 
1.4.4 The effect of current density 
The use of high currents density causes an increase in the production of hydrogen 
peroxide which causes an increase in the amount of HO•, so that the degradation process 
will be increased [81]. In addition, the use of high current density also causes an increase 




However, Nidheesh et al. [54] pointed out that when the applied current density 
exceeds a certain value, the competing parasitic reactions include oxygen evolution 
reaction on the anode surface and the hydrogen evolution reaction on the cathode surface 
lead to the drop of the organic degradation efficiency in wastewater. 
1.4.5 The effect of electrolyte 
Adding electrolyte to the electrolysis system helps to increase the conductivity of the 
solution. In EF system, Na2SO4 is commonly used as electrolyte. Zhou et al. [51] pointed 
out, for the degradation of methyl orange by the electro-Fenton method, that the 
degradation efficiency of pollutants is improved as the addition of Na2SO4 in the solution 
increases, since the production of hydrogen peroxide is accelerated. Daneshvar et al. [83] 
reported out that when the content of Na2SO4 was increased from 0.05 to 0.1 M, there 
was no change in the cumulative amount of hydrogen peroxide in the reaction. Ghoneim 
et al. [84] reported the effect of equal amounts of Na2SO4, NaCl, KCl as electrolytes on 
the EF system and found that Na2SO4 has the best degradation effect on sunset yellow in 
wastewater.  
1.4.6 Reactor design 
Various authors have shown that the performances of the process can be strongly 
improved using proper reactors that enhance the mass transfer of oxygen to the cathodes 
such as pressurized [85,86], micro [87] or venturi ones or cells equipped with rotating 
cathodes [88]. The cathodic generation of H2O2 can be achieved in both divided and 
undivided cells. The utilization of divided cells allows to prevent the anodic oxidation of 
hydrogen peroxide but requires both higher investment and operating costs, due, 
respectively, to the cost of the membrane and to the higher cell potentials. Hence, 
undivided cells are often preferred, especially in the frame of electro-Fenton process, in 
order to reduce the overall costs of the process. However, in this case the performances 
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of the process are expected to depend not only by the parameters that influence the 
cathodic process but also by the parameters that affect the anodic routes.  
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Chapter 2. State of art on microfluidic reactor wastewater 
treatment technology 
 2.1 Introduction  
Microfluidic reactors are defined as reactors that have microstructures for chemical 
reactions with typical dimensions from 10 to 500 μm. A large number of studies have 
shown that chemical reactions in microfluidic devices enhance the heat and kinetics 
transfer process, and improve the selectivity and safety in the reaction process. The main 
features of microfluidic reactors are [1-4]:  
• high mixing efficiency and short reaction time; 
• high heat-transfer ability;  
• small reactant volumes and controllable residence time;  
• high surface-to-volume ratios.  
In particular, the microfluidic reactor has a very high relative specific surface area. The 
specific surface area of the microstructure reactor is about 10000-50000 m2•m-3, while 
the specific surface area of the traditional reactor is generally only 100 m2•m-3, and in rare 
cases it can reach 1000 m2•m-3. Therefore, the catalytic efficiency can be improved since 
the catalysts can be fixed on the inner surfaces of microfluidic reactors. 
2.2 Application of microfluidic reactor in electrochemical technology 
Daisuke Horii et al. [5-9] have confirmed that a microfluidic reactor with a distance of 
tens of microns between the cathode and the anode can be successfully used in the 
treatment of wastewater contaminated by organic pollutants and in electrochemical 
synthesis. The use of electrochemical microreactors has other very important advantages, 
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such as it can be used under low voltage and low electrolyte conditions (without 
additional electrolyte). 
Compared with traditional reactors that is usually operated under batch conditions, the 
microfluidic reactor can be operated under continuous mode due to its extremely small 
inter-electrode distance and high conversions achieved in a single passage. In continuous 
operation mode, two or more reactors with different current densities or electrode 
materials can be connected in series to maximize the current efficiency and minimize the 
reaction time. According to the material of the reactor and different technical parameters, 
the microfluidic reactor can be divided into different types. 
Attour and co-workers [10] proposed a microfluidic reactor containing, as shown in 
Fig. 2-1, polyetheretherketone used as the reactor shell, stainless steel as the anode, and 
glassy carbon as the cathode. Among them, polyether ether ketone has excellent chemical 
and mechanical stability and good processability. The anode is composed of ten 1×1 cm2 
cells, separated from each other by a 1 mm wide insulator. The surface of the anode is 
first coated with a layer of 50 μm thick PTFE coating. The back of the glassy carbon chip 
of the anode is covered with a gold soil layer to provide good electrical conductivity and 
minimize contact resistance. The distance between the plates is 100 μm, forming a 1×0.01 
cm2 cross-sectional channel. The electrolytic cell uses a programmable CNC (computer 
numerical control) machine to grind the PEEK shell and the stainless steel plate. In order 
to obtain a more precise shape and avoid unnecessary breakage, the glass carbon plate is 





Fig. 2-1 Schematic view of the thin-gap cell. 
 
Pletcher's [11] group proposed the system reported in Fig. 2-2B. The reactor consists 
of rectangular electrode plates (53×40×2 mm), the anode is carbon-filled polyvinylidene 
fluoride, the cathode is stainless steel, and the plates are 500 μm thick "snake-shaped" 
perfluoro rubber. The surface of the stainless-steel electrode plate is processed with a 
groove with a depth of 250 μm, as shown in Fig. 2-2C, to allow the serpentine gasket to 
be inserted into it. An outlet and an inlet are installed at both ends of the reactor. This 
design provides an electrolysis path length of 700 mm, a depth of 200 μm, and a width of 
1.5 mm. The volume of a single electrolytic solution is 0.21 cm3, and the electrode area 
involved in the reaction is 1050 mm2. 
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Fig. 2-2. Photographs of the microflow cell and components. (a) Electrolysis cell showing recessed 
electrode and gasket. (b) Electrolysis cell with top electrode. (c) Graphic showing arrangement of 
recessed electrode, gasket, and top electrode. 
 
The flow cell used by Mayank and co-workers [12] is made of two-layer poly (PMMA) 
by CNC milling with 0.5, 1, 3, and 6 mm carbide drill bits (Fig. 2-3). The external 
dimensions of the flow cell are 35 mm × 30 mm × 4 mm. The top layer has 29 mm long, 
10 mm wide and 1 mm deep grooves to accommodate the DropSens SPE electrodes. This 
layer also has spiral channels for transporting liquid on the surface of the working 
electrode. The diameter of the spiral is 3.8 mm, the width and depth of the channel is 0.6 
mm and 140 µm depth, respectively. The total length and internal volume are 19.45 mm 
and 3.30 µL, respectively. There are 2 holes (1 mm in diameter) at both inlet and outlet. 
The two plates also have holes with a diameter of 6.2mm and a depth of 3.5mm to 
accommodate the NdFeB magnets (diameter 6mm, height 3mm) used to clamp the plate 






Fig 2-3. (a, b) Details of the microfluidic flow cell design. (c) Photograph of the experimental setup 
showing the syringe pump and collection vessel for fluid movement through the microfluidic flow cell 
with integrated SPCE electrode connected to a small potentiostat for recording of electrochemical 
measurements. 
 
Kuleshova et al. [13] proposed a circular electrochemical microfluidic reactor shown 
in Fig. 2-4. The device consists of two flat circular electrodes with a diameter of 100 mm, 
separated by a microchannel with a width of 1 mm and a total length of 600 mm. The 
anode is made of 5 mm thick conductive carbon/polyvinylidene fluoride, the cathode is 3 
mm thick stainless steel, and the electrode spacing is 500 μm. In order to keep the reactor 
tight and prevent electrolyte leakage, the upper and lower round aluminum housings are 
connected by 10 edge bolts and a center bolt. The bolts are placed in a tubular polymer 
gasket with a 6 mm outer diameter so that it’s insulated with the electrodes, the stress and 
deformation in the channel are minimized when the bolts are tightened, and finally the 
fluid inlet and outlet are connected on two aluminum connectors. 
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Fig. 2-4 Schematic illustration of the microflow reactor showing the essential components of the 
electrolysis cell.  
 
In Mousset’s research [14], the cell was designed in order to allow the visual inspection 
of the internal reactor (Fig. 2-5). It’s manufactured by poly (methyl methacrylate) 
(PMMA) which is chemically and thermally resistant to the applied conditions. The 
graphite felt was embedded in the cathode chamber as a cathode, and the felt was 
connected to the graphite rod to avoid leakage which also ensured that no contact between 
the cathode and the anode occurs at the extremely short distance between the electrodes. 
The gap between the electrodes was changed by polytetrafluoroethylene (PTFE) gaskets 





Fig. 2-5 Scheme of the microfluidic electrochemical reactor developed in the laboratory. a) Exploded 
view of the complete cell and b) view of the graphite felt cathode compartment. 
 
Rodrigo’s group [15] proposed a new microfluidic reactor (see Fig. 2-6) which allows 
the use of high flow rates and multi-pass configurations. The electrochemical cell is made 
of polycarbonate sheet, which is optically-transparent and chemically-resistant. The inter-
electrode spacer is a plastic film (300 μm), and an aluminum thin foil (50 μm each) was 
used to make the current collector, creating a electrode-gap of 400 μm. The cross section 
of the fluid is 33 cm. 3D-mesh Diachem® diamond and stainless steel were used as anode 
and cathode, respectively. 
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Fig. 2-6 (a) Flow diagram, (b) electrochemical cell (c) comparison of flow-by and flow-through 
configurations.  
 
  In Scialdone’s group, a kind of electrochemical microreactor was designed [16] which 
is constituted by (as shown in Fig. 2-7): two steel plates provided with two holes, to impart 
mechanical stability to the cell; two plates of teflon equally provided with holes one for 
inlet and one for the outlet of the fluid; two neoprene gaskets, each of which is interposed 
between the plate of Teflon containment and the electrode, which ensure the sealing and 
prevent any loss of solution from the cell; two electrodes consisting of two flat plates with 
the same dimensions; one or more spacers (made of PTFE by Bohlender Gmbh) which 





 Fig. 2-7.  (a) Scheme of the micro-reactor (b)micro reactor system with pump, and tubing.   
 
2.3 Application of microfluidic reactor in electrochemical wastewater treatment 
technology 
Compared with conventional electrochemical reaction devices, the use of 
electrochemical microfluidic reactors can greatly improve the removal efficiency of 
organic pollutants in wastewater. On the one hand, the extremely small distance between 
the electrodes lead to smaller ohmic drops between the two electrode plates during the 
reaction, so the organic pollutants in the wastewater can be electrochemically degraded 
under low voltage or low conductivity (no additional electrolyte is required); on the other 
hand, the mass transfer process of the organic pollutant to the surface of the electrode is 
enhanced during the reaction process. In contrast, for conventional electrochemical 
reactors, when the conductivity of the solution is poor, in order to obtain a reasonable and 
effective cell voltage, a certain amount of electrolyte (such as NaCl, Na2SO4) is usually 
added to the reaction system, resulting in high operating costs. Scialdone’ group 
conducted a series of studies on the degradation of organics such as 1,1,2,2-
tetrachloroethane, chloroacetic acid and acid orange 7, using a microfluidic reactor. 
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2.3.1 Abatement of 1,1,2,2-tetrachloroethane in micro reactors  
The experiments were performed in a microfluid reactor assembled with different 
distances (50, 75 µm) between anode and cathode. As shown in Fig. 2-8, an increase of 
both the abatement and the current efficiency was obtained by operating with lower 
distances between the electrodes. Furthermore, very high abatements were achieved in 
one single passage of the solution inside the cell using low flow rates [17]. 
 
Fig. 2-8. Effect of the nominal distance between the electrodes (50 (¡) and 75 µm (n) on the 
abatement (a) and the current efficiency (b) of the oxidation process of 1,1,2,2- tetrachloroethane 
performed at a BDD anode in a micro reactor at different flow rates. Current density: 3 mAcm-2. Initial 




2.3.2 Abatement of chloroacetic acid in micro reactors  
The electrochemical abatement of chloroacetic acid was performed both in macro and 
microfluidic cells, using different electrochemical approaches, including anodic oxidation 
at BDD, electro-Fenton (EF) and a coupled approach. As shown in Fig. 2-9, in the 
degradation of CAA using EF process, a higher abatement of CAA was obtained in 
microreactor than in macro one. As shown in Fig. 2-10, the coupled process led to 
significantly faster abatements compared to single treatments performed with EF 
(DSA/graphite) and EO (BDD/steel) micro cells [18]. 
 
Fig. 2-9. Abatement of CAA using a compact graphite cathode in (n) macro and (¡) microreactor 
vs. dimensionless charge Q/QT (ratio between charge passed and theoretical charge). The 
electrolyses of solutions of 5 mM CAA with 0.5 mM Fe2SO4 were performed at pH ∼ 3 and 8 
mA cm-2. The experiments in the microfluidic cell were carried out at 0.1 mL min-1 with an 
interelectrode gap of 100 µm. Anode: Ti/IrO2-Ta2O5. Electrode surface: 5 cm2. 
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Fig. 2-10 Abatement of CAA by (¨) electro-oxidation with BDD (with a stainless-steel cathode), (l) 
reduction at compact graphite cathode (with Ti/IrO2-Ta2O5 as anode) and (p) coupled process (BDD 
anode and graphite cathode).  
 
2.3.3 Abatement of acid orange 7 in micro reactors  
In the case of the treatment of solutions of acid orange 7 by anodic oxidation process, 
higher COD abatements were obtained, as shown in Fig. 2-11, in the microcell. On the 
other hand, in the case of the oxidation achieved by electro-generated active chlorine a 
similar TOC abatement was obtained in the macro and in the micro reactors, which 
indicates that this indirect electrochemical oxidation process is not limited by mass 







Fig. 2-11. Trend of abatement of COD vs. Q/Qth for the electrochemical oxidation of AO7 by direct 
oxidation at BDD (¨), electrogenerated active chlorine at Ti/IrO2–Ta2O5 with 17 mM of NaCl (¡) in 
the micro reactor at 100 A m-2. Cathode: Nickel. Nominal distance between the electrodes in the micro 
reactor 50 µm. Flow rate in the micro reactor: 0.1–0.4 mL/min. 
 
However, all the researches were performed using synthetic wastewater; hence, a 
further investigation focused on the utilization of real wastewater is necessary to better 
evaluate the potentialities of microcell. 
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Chapter 3. State of art on reverse electrodialysis technology of the 
wastewater treatment 
3.1 Introduction  
In the last two decades, a large effort was carried out to increase the utilization of 
renewable energies. In 2017, 13.5% of the world total primary energy supply was 
produced from renewable energy sources, which includes the exploitation of hydro, solar, 
wind, biofuels, waste and geothermal resources [1]. In addition, several researchers are 
trying to exploit other forms of renewable energy including salinity gradient energy 
(SGE). SGE is available when two solutions with different salinity levels are mixed 
together. As an example, when rivers discharge into the sea, they release about 1.7 MJ 
per m3 of river water [2]. Salinity gradients are widely available both in nature (estuaries 
or coastal areas, mixing of seawater and brackish water) [3] and in industrial plants (as 
an example, wastewater with different salinities) [4,5] or they can be obtained using 
thermolytic solutions [6] regenerated with waste heat (> 40 °C) [7,8]. Reverse 
electrodialysis (RED) is a process for direct electricity production from salinity-gradient 
energy, based on the use of many pairs of anion and cation exchange membranes situated 
between two electrodes and on the utilization of proper redox processes (as shown in 
Fig.3-1) [9-11]. Many membrane pairs are needed for the utilization of salinity gradients 
to produce electricity, resulting in high investment costs for RED systems devoted to the 
production of electric energy. In this context, in order to improve the economic figures of 
the overall RED process, several works investigated the effect of the main operative 
parameters on the process, including load resistance, residence time, feed flow rate, stack 
design, etc.. 
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Fig. 3-1 Main components of the stack, showing a block of ion exchange membranes situated between 
the electrodes, the electrodes, flow path of the high and low concentrated solutions (HC and LC 
respectively) and of electrolyte solution [9]. 
 
As an alternative, some authors have proposed to use salinity gradients to sustain redox 
processes for the synthesis of chemicals or the treatment of wastewater contaminated by 
recalcitrant organics adopting RED stacks assembled with relatively few membrane pairs 
and salinity gradients available in nature or in industrial plants [12-24], thus saving the 
electric energy necessary for conventional electrolysis processes. In particular, some 
groups have shown that it is possible to use river, seawater and/or brine solutions to treat 
various kinds of wastewater both in lab-scale devices [16,17] and in a pilot-plant scale 
[15], while others have shown that RED can be used for the generation of hydrogen using 
both natural salinity gradients and thermolytic solutions regenerated by waste heat [17-
22]. In this frame, recently, it has been observed that the plants devoted to the treatment 




relative salinity gradient can be potentially used to depurate part of these wastewaters by 
RED, allowing potentially a huge saving of energy [4]. 
3.2 Principle of reverse electrodialysis system  
RED is based on the use of many pairs of anion and cation exchange membranes 
situated between two electrodes. The supply of two solutions with different salt 
concentration in the RED stack (a high concentration solution and a diluted one, named 
in the following HCstack and LCstack, respectively) gives rise to a potential difference 
between the electrodes that can be used to produce electric energy and to drive redox 
processes at the electrodes that can be potentially used for many purposes [25-28]. The 
working principle of RED is shown in Fig. 3-2.  
 
Fig. 3-2 Schematic representation of the RED process [28]. 
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In particular, the electromotive force for a stack assembly of N membrane pairs 
fed with water solutions of NaCl can be estimated by Eq. 3-1 [27].  




)                                            (3-1) 
where R is the gas constant, T the absolute temperature, p is the average 
permselectivity of the membrane pair, F the Faraday constant and ac and ad the solute 
activities in concentrated and diluted solutions, respectively.   
In the reverse electrodialysis process, in order to convert the electric potential into 
electric energy, the reactor needs to contain: i) ion exchange membranes (cationic 
and anionic), which must have high selective permeability, good mechanical 
properties and high chemical and thermal stability and relatively low costs; ii) 
gaskets; iii) an electrode system, composed of electrodes and electrode solution, 
containing suitable redox pairs for electrochemical reaction process. 
3.3 The effect of operative conditions on the power generation in RED process 
3.3.1 The effect of investigated redox processes 
As shown in Table 3-1, different kinds of electrode systems for RED were 
compared with the main aim to ensure high power density, safety, health and 
environment protection, technical feasibility and low costs. Among them, the widely 
investigated system water/NaCl gives rise to products such as gaseous chlorine, 








Table 3-1 Main characteristics of investigated redox processes [29,30] 
 
 
3.3.2 The effect of cell number of membranes  
The Eq. 3-1 show that the number of membranes in the RED system is a very important 
factor affecting the energy production. As shown in Fig. 3-3, when the number of 
membrane pairs was increased from 10 to 40 and 50, a drastic increase of power density 
output occurred at higher values of current density and cell voltage [30].   
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Fig. 3-3 Plot of power densities (computed as the ratio between the power and the geometric area of 
electrode) vs. current density recorded in a stack equipped with 10 (¯), 40 (*) and 50 () membrane 
pairs with an external resistance varied between 1 and 160 ohm with fixed HC (NaCl 0.5 M) and LC 
(NaCl 0.01 M) compositions [30]. 
 
3.3.3 Effect of HC and LC solution flow rate 
Scialdone’ group reported the utilization of a reverse electrodialysis process at the pilot 
plant scale. Experiments were performed using an electrode rinse solution containing 0.3 
M FeCl2, 0.3 M FeCl3 and 2.5 M Na2SO4 as supporting electrolyte n. As shown in Fig. 3-
4, the flow rates of HC and LC solutions drastically affect the power output. A maximum 
power output of 158 W was obtained using feed flow rates of 32 L min-1 (LC); 147.6 W 
was achieved for HC and LC flow rates of 23 L min-1, and 137.2 W for HC and LC flow 
rates of 16 L min-1. This result is mainly due to the lower residence time of solutions 
inside stack, leading to a larger concentration difference along the stack and to lower 





Fig. 3-4 Plot of power density vs current density in a stack equipped with 500 membrane pairs for 
FeCl2/FeCl3 electrode solution with a flow rate of 2 L min-1 and varying HC and LC flow rates [15]. 
 
3.4 Coupled processes of electric energy generation and wastewater treatment in 
RED system 
As described in the previous sections, in the last years it has been shown that various 
electrolysis processes, including direct anodic oxidation, cathodic reduction, oxidation by 
electro-generated active chlorine and electro-Fenton, can allow to treat effectively 
wastewater contaminated by various inorganic pollutants and a large number of organics 
resistant to conventional biological processes. However, to favor the utilization of these 
processes on an applicative scale, it would be particularly important to reduce the 
energetic costs necessary to sustain the electrolysis. In this frame, to avoid the necessity 
to supply electric energy, three different approaches were recently proposed: 
(i) the abatement of inorganic pollutants such as Cr(VI) or of organic pollutants can be 
achieved without energy inputs, by direct reduction at the cathode or electro-Fenton 
process in the cathodic compartment of a microbial fuel cell (MFC) using in the anolyte 
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water solutions containing biodegradable organics and suitable microorganisms [31-33]; 
however, MFCs present very long treatment times that make this solution poorly suitable 
on an applicative scale; 
(ii) the electrochemical treatment of wastewater can be performed without energy inputs, 
but conversely generating electric energy, by reverse electrodialysis (RED), that convert 
salinity gradients into cell potentials, allowing to use anodic and cathodic compartments 
to remove organic and/or inorganic pollutants [34-37]; 
(iii) the treatment of wastewater can be achieved also by microbial reverse electrodialysis 
(MRD), that combines in the same stack a MFC and a RED, allowing to reduce the 
number of membranes necessary to drive the process [16].  
Among these three routes, RED seems the most promising since it requires drastically 
lower treatment times with respect to MFC and a less complex system with respect to 
MRD. 
3.4.1 Energy generation and abatement of Cr(VI) in RED process  
Scialdone’s group studied the treatment of synthetic solutions of the toxic heavy metal 
hexavalent chromium in a RED system containing a DSA anode and a carbon felt cathode. 
Cathodic solution contained Cr(VI) with an initial concentration of 2, 25 or 50 mg/L and 
0.1 or 0.5 M Na2SO4 as supporting electrolyte at a pH = 2. 5 M and 0.01 M concentration 
of NaCl was used in the HC and LC chambers, respectively, and 10 cell pairs of 
membranes were assembled in the stack [35]. The main reactions in the electrode chamber 









Fig. 3-5 The removal of Cr(VI) achieved in the cathodic compartment of a stack equipped with 10 (), 
40 (¡) and 50 (¡) cell pairs membrane fed with HC and LC solutions (5 M and 0.5 M NaCl, 
respectively) and with an initial concentration of 25 ppm of Cr(VI) in the cathodic compartment [35].  
 
As shown in Fig.3-5, a high abatement of Cr(VI) was achieved by cathodic reduction 
at carbon electrodes with the simultaneous generation of electric current. Furthermore, 
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the addition of Cr(VI) to the cathodic solution gave an enhancement of the power output 
in the process of RED electric generation. 
3.4.2 Energy generation and abatement of Acid Orange 7 in RED process 
The utilization of a RED stack for the simultaneous generation of electric energy and 
the treatment of wastewaters contaminated by organic pollutants (Acid Orange 7) 
resistant to conventional biological processes was also evaluated [36]. The scheme of the 
process is shown in Fig. 3-6. 
 
Fig. 3-6 Scheme of RED stack for the energy generation and abatement of acid orange 7 [36]. 
 
It is shown that the simultaneous generation of electric energy and the treatment of 
waters contaminated by Acid Orange 7 can be achieved by RED processes using salinity 
gradients. Both the utilization of electro-Fenton at the cathode and the oxidation by 
electrogenerated active chlorine at the anode were successfully used (see Table 3-2) with 






Table 3-2 The removal of AO7 and the generation of electric energy 
 
 
However, the utilization of RED for the treatment of wastewater was studied up to now 
using as sources of salinity gradients only seawater and freshwater and brine and 
seawater/freshwater. However, this imposes a strong limitation to the exploitation of such 
method to the industrial sites that generate/treat the wastewater located in river estuaries 
or in salt ponds, where these salinity gradients are available. Hence, in order to extend the 
applicability of this appealing method, other sources of salinity gradients have to be found.  
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Chapter 4. Treatment of wastewater containing phenol by 
different electrochemical processes with conventional reactors 
4.1 Introduction 
Phenolic compounds are important toxic pollutants in wastewater generated by 
pharmaceutical factories, oil refineries, coking plants and pulp and food processing 
industries [1-4]. In this chapter, the electrochemical treatment of wastewater containing 
phenol was studied. Direct anodic oxidation, oxidation by electro-generated active 
chlorine and electro-Fenton processes were used to treat phenol containing wastewater. 
The degradation effect and energy consumption of different processes were compared. 
The last part of the chapter was devoted to electro-Fenton process. Since this process 
depends on the amount of H2O2 generated at the cathode, a specific study on the effect of 
operative parameters on the generation of hydrogen peroxide was carried out. 
4.2 Experimental 
4.2.1 Materials and reactor 
a) Reagents 
Table 4-1. Main reagents 
Reagents Standards Company 
NaCl Chemical Janssen  
Na2SO4 Chemical Janssen  
FeSO4·7H2O analytical Fluka 
C6H5OH (phenol) analytical Sigma Aldrich 
O5STi•H2SO4 analytical Fluka 
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b) Reactor 
The electrolytic reaction was carried out in a cylindrical glass cell (Fig.4-1A) in the 
presence of different chemical compounds (Table 4-1). The saturated calomel electrode 
(SCE) was used as the reference electrode. According to the selected process, different 
types of anodes and cathodes were used as reported in Table 4-2.  
Table 4-2 Electrode materials 
Name Company 
Ti/IrO2-Ta2O5 De Nora SpA  





Ni Carlo Erba 
Carbon felt 





(A)                     (B)                 (C) 























Electrolyses were performed in batch mode in a cylindrical undivided tank glass cell 
(Fig. 4-1) containing 50 mL of solution, under relatively vigorous stirring performed by 
a magnetic stirrer (the speed of most experiments was controlled at 600 rpm). The inter-
electrode gap was about 2 cm. The initial phenol concentration was 100 mg L-1. The 
electrolyses were driven by an Amel 2053 potentiostat/galvanostat operated in 
galvanostatic or potentiostatic mode. According to the selected process, different types of 
anodes and cathodes were used. The total organic carbon (TOC) was analyzed by a TOC 
analyzer Shimadzu VCSN ASI TOC-5000 A. To evaluate the formic acid concentration, 
Agilent HP 1100 HPLC fitted out with Rezex ROA-Organic Acid H+ (8%) column at 
55°C and coupled with a UV detector (420 nm) was used. The specific operative 
conditions are described below for the different electrochemical methods tested. 
a) Oxidation by electro-generated active chlorine (IOAC) with DSA-Ti/RuO2 
anode:  
DSA-Cl2 (Ti/RuO2) and DSA-O2 (Ti/IrO2-Ta2O5) were used as working electrode 
(anode) and Ni as cathode. The area of electrode was 3 cm2 and the rotating speed was 
600 rpm (see Fig. 4-1B). 50 mg L-1 and 100 g L-1 of NaCl was used as electrolyte 
respectively. The reaction lasted for 6 h and the concentrations of phenol and the TOC 
were determined every hour. 
b) Direct Anodic oxidation (AO) with BDD:  
BDD was used as working electrode (anode). Other conditions are the same as the 
process of IOAC. 
c) Electro Fenton (EF):  
Carbon felt (4 mm thick) was used as working electrode (cathode) while DSA-O2 
(Ti/IrO2-Ta2O5) as anode. The geometric area of electrode participating in the reaction 
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was 3 cm2. Various mixing rates were used in the presence of compressed air (0.8 L min-
1) as shown in Fig. 4-1C. 50 mg L-1 of Na2SO4 was used as electrolyte with 0.5 mM Fe2+ 
(FeSO4·7H2O) as catalyst and sulfuric acid was used to adjust the pH value less than 3. 
d) Reduction of oxygen to H2O2 at carbon felt cathode with operative 
parameters: 
 Various mixing rates were used: 0, 300, 600 and 800 rpm. 50 mM Na2SO4 was used 
as supporting electrolyte. Carbon felt (thickness 4 mm) was used as cathode and saturated 
calomel electrode (SCE) as reference electrode. A DSA-O2 (Ti/IrO2Ta2O5) anode was 
used for most of experiments. DSA-Cl2 (Ti/RuO2-De), graphite, Boron Doped Diamond 
(BDD) and carbon felt anodes were also tested, in order to compare the effect of the anode 
material on the anodic oxidation of H2O2. Various electrodes with different wet surfaces 
were used (1, 2, 4, 6, 8 and 10 cm2) in order to evaluate the effect of the area of both 
cathode and anode on the process. The “wet surface” refers to the geometric area of the 
electrode wet by the water solution. Electrolyses were performed at room temperature 
and pH of 3 by addition of sulfuric acid in order to be under operating conditions similar 
to that of electro-Fenton process. 
4.2.3 Analysis 




)                                                (4-1) 
where n is the number of electrons, F the Faraday constant (96487 C mol-1), Dm the 
diffusion coefficient of phenol in aqueous solution (9.48 × 10-10 m2 s-1), C0 initial 
concentration of phenol and σ the thickness of diffusion layer. 









100                                              (4-2) 
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where (ΔTOC)t is the decay of the TOC (mol L-1); TOC0 initial total organic carbon (mol 
L-1); iapp the applied current density (A m-2); t the residence time of solution in the cell (h); 
V the effective volume of the solution (L); A the wet surface of the electrode (m2). 
c) H2O2 current efficiency 
The concentration of H2O2 was determined from the light absorption of the Ti(IV)–
H2O2 coloured complex at λ=409 nm, using O5STi·H2SO4 from Fluka. The current 
efficiency CE for the generation of H2O2 was defined as Eq. 4-4: 
CE=nFV[H2O2]/(Iapp t)                                            (4-4) 
where n is the number of electrons, F the Faraday constant (96,487 C mol−1), V the 
volume of the cell, [H2O2] the concentration of H2O2, iapp (A) the applied current and t (s) 
the residence time of the solution in the cell. 
d) Energy consumption (EC) 




                                                   (4-5a) 
     𝐸𝐶 = ∆3!'((42
56660
                                                   (4-5b) 
where ∆𝐸78&& is the average cell potential(V); I the current intensity (A); V the volume 
of the solution(m3). 
The analytical equipment used in the above experiments is reported in Table 4-3. 
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Table 4-3. Experimental apparatus 
Name Company 
TOC-L CSH/CSN analyzer Japan Shmadzu 
Cary 60 UV-Vis spectrophotometric America Agilent 
pH- meter Italy Hanna 
HPLC America Agilent 
AMEL2053 potentiostat Italy Amel 
CP225D electronic balance Germany Sartorius 
MR3000 magnetic stirrer Germany Heidolph 
 
4.3 Results and discussion 
4.3.1 IOAC with Ti/RuO2 anode 
First experiments were performed in phenol (100 mg L-1) wastewater containing a quite 
small concentration (50 mg L-1) of NaCl. The concentration of phenol and TOC in the 
solution were determined after 6 h of electrolysis with an applied current intensity of 4.1, 
8.2 and 16.4 mA (current density j 1.36, 2.73 and 5.45 mA cm-2, respectively). 
As shown in Fig. 4-2A, the degradation of phenol depends on the applied current 
intensity [3-5]. Just a small part of phenol was degraded with low applied current intensity 
due to the low charge passed and the low formation of active chlorine. The phenol 
concentration reduced from 100 to 88 mg L-1 in 6 h with 4.1 mA, and the TOC abatement 
was only about 5 %. The phenol concentration decreased to 78.7 mg L-1 and 56.9 mg L-1 
when the current intensity increased to 8.2 and 16.4 mA, respectively. Accordingly, as 




At Ti/RuO2 in the presence of chlorides the organic compounds are oxidized by both 
direct oxidation at the anode and by electro-generated active chlorine. The initial pH is 
about 5 ~ 6, and increased to about 7 at the end of the electrolysis, where ClO- plays a 
leading role; however, as Silva and co-workers pointed out [6], the oxygen evolution 
reaction leads to a slightly acidic environment on the anode surface, which increases the 
concentration of HClO and Cl2.  
 
 
Fig. 4-2 Effect of current intensity on the concentration of phenol (A) and TOC (B), as a function of 
time. Operative conditions: DSA-Ti/RuO2 as the anodes, Ni as the cathode, supporting electrolyte 50 
mg L-1 NaCl, rotational rate 600 rpm, room temperature, initial phenol concentration 100 mg L-1. 
 
In order to evaluate the effect of NaCl concentration, a series of eletrolyses was 
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was completely removed in 2 and 4 h with 16.4 and 8.2 mA current intensity, respectively, 
while the concentration of phenol was 4 mg L-1 after 6 h with 4.1 mA.  
 
 
Fig. 4-3 Effect of current intensity on the concentration of phenol (A) and TOC(B), as a function of 
time. Operative conditions: DSA-Ti/RuO2 as the anodes, Ni as the cathode, supporting electrolyte 100 
g L-1 NaCl, rotational rate 600 rpm, room temperature, initial phenol concentration 100 mg L-1. 
 
As shown in Fig. 4-3B, when the current intensity increased from 4.1 m to 8.2 and 16.4 
mA, the TOC abatement increased from 27% to 38% and 44%. Overall, the 
mineralization (TOC abatement) of phenol is significantly affected by the higher 
concentration of chlorides in the wastewater (please compare Fig. 4-2B and 4-3B), due to 












































In order to evaluate the effect of the nature of the anode, some experiments were 
repeated with DSA-O2 (Ti/IrO2-Ta2O5) anode. The two DSA electrodes show a little 
different oxygen evolution potentials and chlorine evolution potentials (Ti/RuO2 
1.36±0.02 V and 1.10±0.02 V vs. SCE, respectively, while Ti/IrO2–Ta2O5 1.39±0.02 V 
and 1.11±0.02 V vs. SCE) respectively) [7]. 
 
Fig. 4-4 Effect of different anodes on phenol removal from wastewater containing 50 mg L-1and 100 
g L-1NaCl electrolyte. Operative conditions: DSA-Cl2 (Ti/RuO2) and DSA-O2 (Ti/IrO2-TaO5) as the 
anode, Ni as the cathode, rotational rate 600 rpm, room temperature, initial phenol concentration 100 
mg L-1. 
 
As shown in Fig. 4-4, a higher phenol abatement was obtained by Ti/IrO2-Ta2O5 anode 
with 50 mg L-1 NaCl electrolyte. The phenol concentration decreased from 100 to 38 and 
56.9 mg L-1 with Ti/IrO2-Ta2O5 and Ti/RuO2 respectively in 6 h. On the contrary, the 
phenol abatement was higher with Ti/RuO2 than that of Ti/IrO2-Ta2O5 with 100 g L-1 
NaCl electrolyte. The phenol was degraded completely in 2 and 6 h with Ti/RuO2 and 
Ti/IrO2-Ta2O5 respectively. The different effect of the nature of the anode at different 
NaCl concentrations could be due to the fact that at low NaCl concentration the prevalent 
oxidation mechanism is likely to be the direct anodic oxidation, while at high NaCl 
concentration it is the oxidation by electro-generated active chlorine whose formation is 



















DSA-Cl₂   50mg/l NaCl 
DSA-O₂   50mg/l NaCl 
DSA-O₂   100g/l NaCl
DSA-Cl₂   100g/l NaCl
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4.3.2 EO with BDD anode  
The tests were carried out in the phenol containing wastewater with 50 mg L-1 NaCl 
electrolyte. The concentration of phenol and TOC were determined after 6 h with the 
applied current intensity of 4.1,8.2 and 16.4 mA (current density of 1.36,2.73 and 5.45 
mA cm-2 respectively). As shown in Fig. 4-5A, the concentration of phenol decreased 
from 100 to 2 mg L-1 after 6 h. The abatement of phenol was slightly lower with 4.1 mA. 
At the same time, the removal rate of TOC in the solution increased with the increase of 
current intensity. As shown in Fig. 4-5B, the abatement of TOC was 36%, 66% and 83% 
when the current intensity was 4.1,8.2 and 16.4 mA, respectively. Compared with the 
DSA-Ti/RuO2 anode used in 4.3.1, the BDD anode was more effective in removing TOC 
from the wastewater, indeed, the organic pollutants in the wastewater can be almost 
completely converted into CO2 and H2O [8-10].  
It was observed that among all electrodes, the BDD anode had the highest oxygen 
evolution potentials and highest chlorine evolution potentials (1.98±0.02 V and 1.28±0.02 
V vs. SCE, respectively) [7], which supported the idea that the BDD anode was the most 
efficient for pollutant degradation by direct anodic oxidation. It is supposed that the 
anodic degradation of organics on BDD is mainly due to the electro-generation of 
hydroxyl radical (Eq. 4-6). The researchers have demonstrated that HO• is loosely 
adsorbed on the surface of BDD anode (Eq. 2-7) and distributed in the diffusion layer (Eq. 
4-8) [11,12]. The organic is degraded to CO2 and H2O (Eq. 4-9 ~ 10) [13,14]. Many 
researchers have demonstrated that BDD anodes allow complete mineralization of several 
pollutants such as ammonia, cyanide, phenols, aniline, hydrocarbons, dyes, surfactants, 
drugs, pesticides, etc. 
H2O → HO• + H+ + e−                                                                   (4-6) 
BDD＋H2O ＝ BDD(HO•)＋H＋＋ e−                               (4-7) 




BDD(HO•)＋C6H5OH→ BDD＋CO2＋H2O                            (4-9) 
HO•＋C6H5OH →CO2 ＋H2O                                     (4-10) 
 
 
Fig. 4-5 Effect of current intensity on the concentration of phenol (A) and TOC (B) as a function of 
time. Operative conditions: BDD as the anode, Ni as the cathode, supporting electrolyte 50 mg L-1 
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Fig. 4-6 Effect of current intensity on the concentration of phenol (A)and TOC(B) with 100 g L-1NaCl 
electrolyte. Operative conditions: Ti/RuO2 as the anodes. Ni as the cathode, supporting electrolyte 100 
g L-1 NaCl, rotational rate 600 rpm, room temperature, initial phenol concentration 100 mg L-1. 
 
As shown in Fig. 4-6A, phenol was completely removed in 2,4 and 6 hours at 16.4, 8.2 
and 4.1 mA, respectively, using 100 g L-1 NaCl as electrolyte, and the removal rate was 
significantly higher than that achieved with 50 mg L-1 NaCl, thus showing that electro-
generated active chlorine can contribute to the oxidation of phenol also at BDD anodes.    
As shown in Fig. 2-6B, TOC abatement of 32%, 60% and 55% were obtained when the 
current intensity was 4.1, 8.2 and 16.4 mA, respectively. Hence, the TOC abatement with 
100 g L-1 NaCl was lower than that obtained at 50 mg/l NaCl, especially at high current 
densities This is probably due to the fact that at high concentrations of NaCl and high 











































the direct anodic oxidation by hydroxyl radicals that at BDD anodes is more effective for 
mineralization purposes.  
In summary, in the presence of chloride ions in the wastewater, the coexistence of 
active chlorine and HO• produced on the anode surface must be considered in the 
electrochemical destruction mechanism. Especially with high current intensity, oxidation 
occurs mainly by indirect electrochemical oxidation by active chlorine, which makes 
difficult to mineralize the organic pollutants completely. 
4.3.3 Energy efficiency analysis 
• Comparison of the electrochemical reaction rates and current efficiency 
Fig. 4-7 shows the average reaction rates at DSA (Ti/RuO2) and BDD anodes, 
respectively, with 50 mg L-1 and 100 g L-1 NaCl-containing wastewater. As shown in Fig. 
4-7A, the reaction rate at BDD was significantly higher than that at DSA with 50 mg L-1 
NaCl electrolyte. The corresponding reaction rates at BDD and DSA were 35 and 7.6 
mol/Lh using 16.4 mA current intensity, respectively.  
As shown in Fig. 4-7B, similar reaction rates were obtained at DSA (Ti/RuO2) and 
BDD anodes when the wastewater contained 100g L-1 NaCl, especially when the current 
intensity was 8.2 and 16.4 mA. 
 




Fig. 4-7 Effect of current intensity on the reaction rate at 50 mg L-1(A) and 100 g L-1(B) electrolyte. 
Operative conditions: Ti/RuO2 and BDD as the anodes, Ni as the cathode, rotational rate 600 rpm, 
room temperature, initial phenol concentration 100 mg L-1. 
 
Fig. 4-8 shows the change of the final current efficiency with current intensity with 
DSA (Ti/RuO2) and BDD anode in phenol wastewater containing 50 mg L-1 and 100 g L-
1 NaCl electrolyte, respectively. As shown in Fig. 4-8A, the current efficiency at DSA 
electrode was 10%, 8% and 6 %, and at BDD 62%, 64% and 40%, with 4.1,8.2 and 16.4 
mA current intensity, respectively. As shown in Fig. 4-8B, the difference of current 
efficiency between BDD and DSA anodes were small with 100 g L-1 NaCl electrolyte, 
especially when the current intensity was 16.4 mA, since in these conditions the role of 
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Fig. 4-8 Effect of current intensity on the current efficiency at 50 mg L-1(A) and 100 g L-1 (B) 
electrolyte. Operative conditions: Ti/RuO2 and BDD as the anodes, Ni as the cathode, rotational rate 
600 rpm, room temperature, initial phenol concentration 100 mg L-1. 
 
As shown in Fig. 4-8 in all tested conditions the current efficiency decreased with the 
current. For low concentrations of NaCl, this result is mainly to show a higher impact of 
the oxygen evolution parasitic reaction as Eq. 4-11.  
4OH− → 2H2O + O2 + 4 e−                                         (4-11) 
For high concentrations of NaCl this should be due to various parasitic reactions 
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2H2O → 4H+ + O2 + 4 e−                                          (4-12) 
ClO− + HClO → ClO3− + 2H+ + 2Cl−                                (4-13) 
6ClO− + 3H2O → 2ClO3− + 6H+ +4Cl− +1.5O2 + 6e−                    (4-14) 
Cl− + 3H2O → ClO3− + 6H+ + 6e−                                  (4-15)                        
ClO− + H2O + 2e− → Cl− + OH−                                    (4-16) 
• Energetic and technical comparison 
In order to compare the different adopted routes, the removal of TOC, cell potential 
and energy consumption, were reported in Table 4-4. The average cell potential achieved 
with a low concentration of NaCl was very high due to the low conductivity of the 
solution. As a consequence, very high energy consumptions were recorded. The BDD 
anode gave a drastically higher removal of TOC and, consequently, a lower energy 
consumption with respect to DSA (Ti/RuO2) anode. When the electrolyses were repeated 
with a high concentration of NaCl, smaller cell potentials were obtained at both anodes, 
because of the high conductivity of the solution, resulting in lower energy consumptions. 
BDD gave slightly higher removals of the TOC. However, due to the higher cell potentials 
recorded, the energy consumption at BDD anode was higher than that achieved at DSA. 
Furthermore, BDD anodes present very large investment costs. Hence, on overall, DSA 








Table 4-4 Technological and economic comparison of different anode materials (BDD, Ti/RuO2) in 
the treatment of high and low salt (50 mg L⁻¹, 100 g L⁻¹NaCl) wastewater with phenol 
Electrolyte Electrode j / mA  △E𝑐𝑒𝑙𝑙 / V TOC abatement/  
% 
EC /  
kW·h g TOC⁻¹ 




50 mg L⁻¹ NaCl 
 
DSA(Ti/RuO₂) 
4.1 14 5 1.19 5.74 
8.2 27 8 2.86 22.14 
16.4 49 12 6.93 80.36 
 
BDD 
4.1 5 36 0.06 2.05 
8.2 15.4 66 0.2 12.63 
16.4 32.7 83 0.67 57.24 
 
 
100 g L⁻¹ NaCl 
 
DSA(Ti/RuO₂) 
4.1 2.5 27 0.048 1.03 
8.2 2.6 38 0.064 2.13 
16.4 2.7 44 0.099 4.43 
 
BDD 
4.1 3.3 32 0.042 1.35 
8.2 3.4 60 0.049 2.79 
16.4 3.5 55 0.111 5.74 
4.3.4 Electro-Fenton process 
Electro-Fenton process is among the most known and popular EAOPs. It has been 
developed upon an extensive study over the last 25 years, with particularly remarkable 
contributions by Brillas and Oturan’s group [18]. This process has been proposed to 
achieve the implementation of a new and powerful advanced oxidation method that 
overcomes the drawbacks of the classical Fenton process. It allows the continuous in situ 
electrogeneration of H2O2 and/or regeneration of Fe(II) at the cathode, thus avoiding the 
use of high amounts of H2O2 and Fe(II) salt [19,20]. 
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The electrolyses were performed with 50 mg L-1 Na2SO4 as supporting electrolyte, 
Fe2SO4·7H2O (0.5 mM) as catalyst, DSA-O2 (Ti/IrO2-Ta2O5) and carbon felt as anode 
and cathode respectively, a synthetic wastewater with 100 mg L-1 initial phenol 
concentration. Sulfuric acid was used to adjust the pH to about 3. 
As shown in Fig. 4-9A, the removal efficiency of phenol in the electro-Fenton process 
was related to the current intensity and time passed. When the current intensity increased 
from 4.1 to 8.2 mA, the concentration of phenol in the solution decreased from 13.11 to 
0.87 mg L-1 in 6 h; when the current intensity was 16.4 mA, the phenol was completely 
removed in 4 h. Similarly, the TOC removal was 16%, 28% and 41% with 4.1, 8.2 and 
16.4 mA respectively. This is mainly due to the increased amount of charge passed and 
as a consequence of the amount of H2O2 produced at the cathode (Eq. 1-2) resulting the 
increase of the amount of HO• produced (Eq. 1-3).  
As shown in Fig. 4-9B, when the current intensity was 16.4 mA, the TOC abatement 
was 41%. As shown in Fig. 4-10, the current efficiency in the electro-Fenton reaction was 
rather low. The optimum current efficiency of 31% was obtained when the current 
intensity was 4.1 mA. 
Numerous parasitic reactions take place, including: the reduction of H2O2 to H2O (Eq. 
4-19), the homogeneous decomposition of H2O2 (Eq. 4-20) and the hydrogen evolution 
reaction of cathode (Eq. 4-21). 
H2O2 + 2 H+ + 2 e- ® 2 H2O                                       (4-19) 
2H2O2 ® O2 + 2 H2O                                             (4-20) 
2H+ + 2 e- ® H2                                                 (4-21) 
On the other hand, since experiments were carried out in a conventional undivided 
reactor, as shown in Eq. 4-22 and 4-23, H2O2 is decomposed to peroxy radical HO2• at 




H2O2 ® HO2• + H+ + e-                                           (4-22) 
HO2• ® O2+ H++ e-                                              (4-23) 
 
 
Fig. 4-9 Effect of current density on the abatement of the phenol(A) and TOC (B) achieved by EF 
process. Operative conditions: DSA-O2!Ti/IrO2-Ta2O5"as the anode, carbon felt as the cathode, 
supporting electrolyte 50 mg L-1Na2SO4, rotational rate 600 rpm, room temperature, initial phenol 
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Fig. 4-10 Effect of current intensity on the current efficiency achieved by EF process. Operative 
conditions: DSA-O2!Ti/IrO2-Ta2O5"as the anode, carbon felt as the cathode, supporting electrolyte 
50 mg L-1Na2SO4, rotational rate 600 rpm, room temperature, initial phenol concentration 100 mg L-
1. 
 
In addition, Oturan and co-workers [21] identified the main intermediates in the 
degradation of organic pollutants by electro-Fenton with carbon felt cathode. They found 
that various by-products are produced after electro-Fenton electrolysis, including malonic 
acid, formic acid, acetic acid and other simple substances, as well as hydroquinone, 1,2-
naphthoquinone, 4-aminophenol and 4-aminobenzenesulfonic acid aromatic products. 
The accumulation of H2O2 in the solution is much lower than the amount of H2O2 
produced in the process of EF, which is the main reason for the low organic removal and 
current efficiency. These parasitic reactions are expected to be strengthened by the 
increase of current intensity, resulting in a further reduction of current efficiency. In order 
to increase the accumulation of H2O2 in the EF process, we report in the following a 
systematic study on the effect on the electro-generation of hydrogen peroxide of various 
parameters (such as the nature and the area of the anode, the ratio between the cathode 
and anode surface, the current density and the mixing rate) that can affect the anodic 
oxidation of H2O2. A quite simple and conventional undivided cell equipped with a 























parameters that can be, however, of general relevance for various kinds of cells and 
cathodes. 
4.3.5 Effect of the ratio between the anode and the cathode surfaces and of 
other operative parameters on H2O2 electro-generation 
• Effect of the ratio between the cathode and the anode surfaces for potentiostatic 
electrolyses 
First experiments were performed using carbon felt as cathode with a surface of 8 cm2 
and a DSA anode with the same surface. A potentiostatic alimentation was used. In order 
to select the working potential, some preliminary short electrolyses were carried out at 
different working potentials (-0.7, -0.9, -1.1 and -1.3 V vs. SCE). The working potential 
of -0.9 V vs. SCE was selected since it gave the highest final concentration of H2O2. A 
current intensity of about 17 mA, corresponding to a current density of about 2.2 mA 
cm−2 was obtained.  
As shown in Fig. 4-11A, the reduction of oxygen gives rise to the formation of H2O2 
whose concentration increased with the charge passed up to a plateau value close to 2 
mM. As previously mentioned in the literature, the plateau is reached when the cathodic 
generation rate of hydrogen peroxide (Eq. 1-3) is equal to the rate of its decomposition 
by cathodic reduction reaction (Eq. 4-19) disproportionation (Eq. 4-20) and anodic 
oxidation (Eq.4-22~23). 
Hence, the current efficiency for the hydrogen peroxide generation decreased with the 
time from about 24% after 1 h to about 11% after 3 h (Fig. 4-11B). In order to evaluate 
the effect of the ratio between the cathode and the anode surfaces, the electrolyses were 
repeated using a cathode with an area of 8 cm2 and various anodes with an area of 8, 6, 4 
and 2 cm2, corresponding to a ratio between the cathode and the anode surface Acat/Aan 
of 1, 1.33, 2 and 4, respectively. The working potential was maintained to -0.9 V vs. SCE. 
As shown in Fig. 4-11A, the reduction of the anode surface (i.e., the increase of Acat/Aan) 
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gave rise to a drastic enhancement of the hydrogen peroxide concentration. In particular, 
after 3 h, the concentration of H2O2 was about 2.1, 3.5, 5 and 7.3 mM for values of Acat/Aan 
of 1, 1.33, 2 and 4 (corresponding to a surface of the anode of 8, 6, 4 and 2 cm2), 
respectively. In order to rationalize these results, it is important to focus on the fact that, 
if the cathode potential is not too high, the main cause for the hydrogen peroxide 
degradation is likely to be its anodic oxidation (Eq. 4-22~23). Hence, the decrease of the 
anode surface is expected to limit the rate of such anodic process. 
 
 
Fig. 4-11 H2O2 production (A) and current efficiency (B) as a function of electrolysis time for 
experiments performed at -0.9 V vs. SCE with different values of the surfaces of the anode. Anode: 
DSA/Ti/IrO2-Ta2O5 (2, 4, 6 and 8 cm2); cathode: carbon felt (8 cm2) for a ratio between the cathode 
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In particular, assuming, in a first approximation approach, that both the cathodic 
generation of H2O2 and its anodic oxidation take place under the kinetic control of the 
mass transfer (of oxygen for the cathodic process and of H2O2 for the anodic one), at 
steady-state conditions, the rate of the mass transfer of oxygen to the cathode surface and 
that of H2O2 to the anode should assume the same values (see Eq. 4-24): 
km(O2) [O2]b Acat =km(H2O2) [H2O2]b Aan                              (4-24) 
where [H2O2]b and [O2]b are the concentrations of H2O2 and O2, respectively, in the bulk 
of the solution, km(O2) and km(H2O2) are the mass transfer coefficients for O2 and H2O2, 
respectively, and Acat and Aan are the wet surfaces of cathode and anode, respectively. 
Hence, the steady-state concentration of H2O2, under the above-mentioned assumptions, 
can be computed by Eq. 4-25 [22]. 
[H2O2]b =[O2]b (km(O2)/km(H2O2))Acat/Aan=a Acat/Aan                    (4-25)  
where a=[O2]b (km(O2)/km(H2O2)) can be simply estimated, in a first approximation 
approach, for the experiments performed with Acat/ Aan=1. Indeed, in spite of the strong 
approximations used, the theoretical predictions based on Eq. 4-25 show a not bad 
agreement with experimental results (Fig. 4-12). 
 
Fig. 4-12 Comparison between the final concentrations of H2O2 and the theoretical predictions based 
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• Effect of the Acat/Aan ratio for galvanostatic electrolyses  
Galvanostatic alimentation is more suitable than potentiostatic one for applicative 
purposes, since in commercial cells reference electrodes are often avoided to reduce the 
costs and galvanostatic alimentation is simpler to be adopted. Hence, the effect of Acat/Aan 
ratio was studied also using galvanostatic alimentation under the following conditions. 
(a) A first series of experiments was performed using a surface of the cathode of 8 cm2 
and a surface of the anode of 8, 6, 4 and 2 cm2 (corresponding to a Acat/Aan ratio of 
1, 1.33, 2 and 4) with a fixed value of the current (40 mA with a current density 
computed with respect to the cathode of 5 mAcm−2). On overall, lower 
concentrations of hydrogen peroxide were obtained (Fig. 4-13A and B) with respect 
to the electrolyses performed under potentiostatic conditions reported in Fig. 4-11. 
This result is probably due to the fact that these galvanostatic electrolyses took 
place with a working potential of about -1.0 to -1.2 V vs. SCE (Fig. 4-13B), 
significantly more negative than that adopted under potentiostatic electrolyses, thus 
favoring the cathodic reduction of H2O2 to water [23]. More relevant, also in this 
case, the reduction of the anode surface (i.e., the enhancement of the Acat/Aan ratio) 
resulted in a drastic enhancement of the H2O2 concentration. As an example, the 
enhancement of Acat/Aan from 1 to 4 resulted in an increase of the stationary 







Fig. 4-13 Effect of the Acat/Aan ratio on the H2O2 production for amperostatic electrolyses. (A) 
production of H2O2 vs. time and (B) final H2O2 concentration and the working potential. Electrolyses 
performed at 40 mA with a surface of the cathode of 8 cm2 and different values of the surfaces of the 
anode (8, 6, 4 and 2 cm2 corresponding to Acat/Aan of 1, 1.33, 2 and 4, respectively) using a constant 
value of the current density computed with respect to Acat (jcat = 5 mA cm-2). DSA as anode, carbon 
felt as cathode, rotational rate 600 rpm, air 0.8 L min-1. 
 
(b) A second set of experiments was performed using a constant value of the anode 
surface Aan of 2 cm2 and changing the value of the cathode surface Acat from 2 to 
10 cm2 (in order to have Acat/Aan from 1 to 5). The current intensity was selected in 
order to maintain a constant value of the current density computed with respect to 
Acat (icat=5 mAcm−2). Hence, in this case, the experiments with higher values of the 
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ohmic drops and consequently to higher working potentials (Fig. 4-14). As shown 
in Fig. 4-14, in this case the plot H2O2 concentration vs. Acat/Aan gave a curve with 
a maximum for a value of the ratio of 2. This result is due to two opposite effects: 
(i) for low Acat/Aan ratio, relatively low working potentials were recorded (Fig. 4-
14) and, as above observed, the increase of Acat/Aan ratio resulted in higher 
concentrations of H2O2; (ii) experiments performed with higher Acat/Aan ratio 
occurred with higher working potential that favour the hydrogen peroxide reduction 
to water (Eq. 4-19). In particular, for Acat/Aan =2 (i.e., Acat =4 and Aan =2 cm2), the 
final hydrogen peroxide was about 3.8 mM and occurred with a current intensity of 
10 mA, a cell potential of about 2.5 V and a working potential close to -0.9 V vs. 
SCE. On the other hand, for Acat/Aan =5 (i.e., Acat= 10 and Aan =2 cm2), the current 
intensity was 50 mA, the cell and the working potential about -3.2 and -1.2 V, 
respectively, and the final hydrogen peroxide concentration was about 1.4 mM. 
Furthermore, since the current density was fixed for the cathode, the increase of 
Acat/Aan ratio was achieved imposing higher current densities for the anode, thus 
favoring the anodic oxidation of hydrogen peroxide. 
 
Fig. 4-14 The final H2O2 concentration and the working potential for electrolyses performed with a 
surface of the anode of 2 cm2 and different values of the surfaces of the cathode (2, 4, 6, 8 and 10 cm2 
corresponding to Acat/Aan of 1, 2, 3, 4 and 5 respectively) using a constant value of the current density 
computed with respect to Acat (jcat = 5 mA cm-2). DSA as anode, carbon felt as cathode, rotational rate 































• Effect of the current density  
In order to evaluate the effect of the current density i on the process, a set of electrolyses 
was carried out with an area of the cathode and of the anode of 4 and 2 cm2, respectively, 
for a Acat/Aan ratio of 2, at the following current densities: 1.25, 3, 5, 5.75, 8.75, 10.5, 
13.75 mAcm−2 (in the range of current intensity 5-55 mA). As shown in Fig. 4-15A, the 
curve final concentration of hydrogen peroxide vs. current density presents a maximum 
for 5.75 mA cm−2, which corresponds to a concentration of H2O2 of about 4.2 mM and to 
a working potential of about -0.9 V. Indeed, for the lowest values of current density (i.e., 
for less negative values of the working potential), the cathodic reduction of oxygen occurs 
under the kinetic control of the charge transfer or under a mixed kinetic regime, and the 
enhancement of i results in an increase of the hydrogen peroxide formation, because of 
the higher amount of charge passed. Otherwise, for high values of the current density (and 
of the working potential), from one hand, the cathodic reduction of oxygen to hydrogen 
peroxide does not benefit of the larger amount of charge passed since it is kinetically 
limited by the mass transfer of oxygen to the cathode surface, and from the other hand 
the higher potential favours the reduction of H2O2 to water. Hence, under these conditions 
the increase of i results in lower stationary concentrations of hydrogen peroxide.  
Fig. 4-15B reports the effect of current density on both the CE achieved after 3 h and 
the CE achieved when a stationary (almost constant) concentration of H2O2 is obtained 
(named “CE stationary”). A quite small decrease of stationary CE was achieved when the 
current density was increased up to 5.75 mAcm−2 (the value of i which corresponds to the 
maximum value of the H2O2 concentration in Fig. 4-15A). However, when the current 
density was further increased, a dramatic decrease of the CE is achieved, according to the 
hypothesis that at high currents (and potentials) the cathodic production of hydrogen 
peroxide is limited by the mass transfer of oxygen to the cathode and that the following 
cathodic reduction of H2O2 to water is favoured. 




Fig. 4-15 Effect of the current density on the H2O2 production. (A) reports the production of H2O2 
after 3 h and the working potential vs. SCE while (B) reported the CE after 3 h and the CE computed 
when an almost constant concentration of H2O2 is reached (CE stationary). Surface of the cathode and 
anode 4 and 2 cm2, respectively. DSA as anode, carbon felt as cathode, rotational rate, 600 rpm, air 
0.8 L min-1. 
 
• Effect of the mixing rate  
As previously discussed, the performances of the process are likely to be affected by 
the mass transfer of oxygen to the cathode surface and of hydrogen peroxide to the anode. 
Hence, the process is likely to be affected by the mixing. In order to evaluate the effect 
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density of 5 mAcm−2 computed with respect the surface of the cathode, various mixing 
rates in the range 0-800 rpm, a surface of the anode of 2 cm2 and a surface of the cathode 
of 4 (Acat/Aan =2) or 2 (Acat/Aan =1) cm2. As shown in Fig. 4-16, for both the two series 
of experiments, the higher is the mixing rate the higher is the stationary concentration of 
H2O2. As an example, for the experiments performed with Acat/Aan =2, in the absence of 
mixing the stationary concentration of hydrogen peroxide was slightly lower than 0.6 mM 
(Fig. 4-16A) and the process occurred with a working potential close to -1.3 V vs. SCE. 
In the presence of a quite low stirring rate (300 rpm), the stationary concentration of H2O2 
increased up to 1.2 mM (Fig. 4-16A) and the working potential decreased to 1.16 V. A  
A further enhancement of the mixing rate to 800 rpm gave rise to a strong increase of 
the stationary concentration of H2O2 up to 4.2 mM (Fig. 4-16A) and to a decrease of the 
working potential to 0.86 V. In order to rationalize the positive effect of mixing rate on 
the production of H2O2, two main factors have to be considered: 
(a) the enhancement of the mass transfer rate of H2O2 to the anode which favours the 
anodic oxidation to oxygen (Eq. 4-22~23); 
(b) the enhancement of the mass transfer rate of oxygen to the cathode, which favours the 
oxygen conversion to the cathode (Eq.4-19). Of course, the enhancement of the mass 
transfer increases the surface concentration of oxygen, thus giving rise to more 
positive cathode potentials, which allows to minimize the following cathode reduction 
of H2O2 to water (Eq. 4-19). 




Fig. 4-16 Effect of the mixing rate on the H2O2 production vs. time for experiments performed with 
an area of the cathode of 4 (A) and 2 cm2 (B) and an area of the anode of 2 cm2. Current density: 5 
mA cm-2 computed with respect the surface of the cathode. DSA as anode, carbon felt as cathode, air 
0.8 L min-1. 
 
On overall, the experimental results show that the enhancement of the cathodic 
production of H2O2 prevails with respect to the higher consumption of hydrogen peroxide 
at the anode. As shown in Fig. 4-16B, the increase of the mixing rates caused higher 
production of hydrogen peroxide also using Acat/Aan =1. However, these experiments 
gave significantly lower concentrations of H2O2 with respect to that achieved in the series 
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• Effect of the nature of the anode  
In order to evaluate the effect of the nature of the anode on the process, a series of 
electrolyses was performed with the following electrodes: Ti/IrO2-Ta2O5 (DSA®-O2), a 
Ru based anode (DSA®-Cl2), compact graphite, boron doped diamond (BDD) and carbon 
felt. As shown in Fig. 4-17A, the nature of the anode had a dramatic effect on the 
production of H2O2. The highest concentration of hydrogen peroxide was achieved with 
DSA-O2, which favours kinetically the water oxidation to oxygen with respect to other 
electrodes, thus limiting the anodic oxidation of H2O2. The utilization of DSA-Cl2, 
compact graphite and BDD gave rise to lower concentrations of H2O2, since oxygen 
evolution is less favoured with respect to DSA-O2. Very low concentrations of hydrogen 
peroxide were obtained using carbon felt, because of the very large effective surface of 
this electrode that favours the anodic oxidation of hydrogen peroxide.  
Indeed, in spite of the fact that all the anodes present the same geometric surface, 
carbon felt has a higher value of effective area due to its three-dimensional structure. Fig. 
4-17B reports the effect of the anode on the current efficiency. At carbon felt, after 3 h 
the CE was about 1.4%, while at DSA-O2, it was close to 17%. These results seem 
particularly important for the selection of the anodes in electro-Fenton processes that are 
in most of cases operated in undivided cells in order to avoid the cost of the membrane 
and to reduce the cell potentials. In particular, according to data reported in Fig. 4-17, 
Ti/IrO2-Ta2O5 (DSA-O2) should be selected as anode for electro-Fenton process if the 
anodic process has to be only the oxygen evolution. It is worth to mention that BDD 
anode leads to lower concentration of hydrogen peroxide. However, it can be selected as 
anode for EF, according to the literature, if the anode has to contribute to the degradation 
of organics by direct electrochemical oxidation. 




Fig. 4-17 Effect of the nature of the anode on the H2O2 production (A) and CE (B) vs. time for 
experiments performed with an area of the cathode of 4 cm2 and an area of the anode of 2 cm2. Current 
density: 5 mA cm-2 computed with respect the surface of the cathode. Carbon felt as cathode, rotational 
rate 600 rpm, air 0.8 L min-1. 
 
4.4 Summary  
In this chapter, DSA (Ti/RuO2) anode, BDD anode and carbon felt cathode were used 
to treat phenol wastewater containing high and low salt (NaCl) electrolytes by direct 
electrochemical oxidation, indirect electrochemical oxidation with active chlorine and 




































1) When the concentration of NaCl in the wastewater is low (50 mgL-1), the 
electrochemical oxidation caused by HO• plays a dominant role in the degradation 
process of phenol. The BDD anode has a strong ability to produce HO• weakly 
adsorbed on the anode surface, which can completely degrade the phenol to carbon 
dioxide and water. However, the cell potential in the electrochemical reaction process 
is high due to the very low conductivity of wastewater, which leads to high energy 
consumption. When the current intensity was 16.4 mA, the corresponding TOC 
abatement reached to 83%, but the energy consumption was as high as 57 kW·h m-3. 
For the same current intensity, the TOC abatement by DSA anode was just 12%. 
2)  When the concentration of NaCl in wastewater is high (100 gL-1), the indirect 
electrochemical oxidation of active chlorine plays a major role in the degradation 
process of phenol, and it is gradually strengthened with the increase of current 
intensity. The use of DSA anode is conducive to the chlorine evolution reaction, and 
then promotes the degradation of phenol in wastewater. However, the organic 
pollutants can’t be removed completely, and refractory intermediate products are 
produced. Under the limit current intensity of 16.4 mA, the TOC abatement was 44%, 
and the corresponding current efficiency was 21%. Although the removal rate of 
TOC and current efficiency were similar to those of DSA anode, BDD seems less 
suitable than DSA one for electrochemical treatment of wastewater containing high 
concentration of NaCl electrolytes due to its higher price. 
3)  When the electro-Fenton method was used to treat the phenol wastewater, the TOC 
abatement was limited by the limited accumulation of H2O2 in the solution. When 
the current intensity was 16.4 mA, the TOC abatement was 41%. There is a strong 
relationship between the accumulation of H2O2 in solution and its decomposition at 
anode: increasing the ratio of cathode to anode surface area can increase the amount 
of H2O2 produced by cathode and reduce the decomposition reaction of anode; an 
optimal value of the current density (and of the working potential) has to be selected 
to maximize the generation of hydrogen peroxide; in order to enhance the generation 
of H2O2, it is necessary also to increase the mixing rate. With Ti/IrO2-Ta2O5 anode, 
a stable H2O2 concentration of up to 7.3 mM was obtained at a working potential of 
- 0.9 V vs. SCE and a rotating speed of 600 rpm at a ratio of anode to cathode surface 
1 (2 cm2): 4 (8 cm2). 
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Chapter 5. Electrochemical treatment of low conductivity real 
wastewater with microfluidic reactors 
5.1 Introduction  
The effectiveness of the electrochemical treatment of wastewater contaminated by 
organics depends on many factors including the electrode material. Several anodic 
materials have been tested, but most of them presented important drawbacks such as loss 
of activity (graphite), release of toxic ions (PbO2), low service life (SnO2), not complete 
oxidation (IrO2) [1]. On the contrary, synthetic boron diamond (BDD), with its high 
anodic stability and wide potential window, is considered to be an effective material for 
the direct combustion of organics in wastewater.  
In the last years, it has been shown that synthetic wastewater with low conductivity can 
be effectively treated using filter-press flow cell with a very small inter-electrode distance 
(“micro cell”). Furthermore, such cells improve the removal of organic pollutants 
performed by both direct anodic oxidation, cathodic reduction, electro-Fenton and 
coupled processes. In addition, in micro-cells it is possible to achieve high conversions 
of the pollutants for single passage, thus allowing to operate in a continuous mode. This 
opened to the possibility to use a multistage system involving cells operating in series 
with different operating conditions/electrodes, thus allowing to maximize the current 
efficiency and to minimize the treatment time [2-4]. However, the utilization of micro 
cells for the treatment of real wastewater was not investigated up to now. Hence, in this 
work, the problem of wastewater with low conductivity will be investigated in detail, 
using a real wastewater containing organics and characterized by quite low conductivity, 
coming from the separation of oil and water phases performed from one company devoted 
to the treatment of wastewater located in the south of Sicily. Two different cells were 
used: a conventional undivided batch cell (“conventional cell”), often used in the labs, 
operated both in the absence and in the presence of a supporting electrolyte, and a micro 
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cell, with the main aim to evaluate if real wastewater with low conductivity can be 
properly treated by electro- chemical oxidation at BDD anode and to select the more 
promising cell and route. 
5.2 Experimental  
5.2.1 Experimental materials and reactor 
a) The real wastewater 
A real wastewater (initial TOC of 210 mg L−1) coming from the separation of oil and 
water phases performed from one company devoted to the treatment of wastewater 
located in the south of Sicily, with low conductivity (1.4 mS cm−1) and pH 6.2 was used. 
Na2SO4 (0.03, 0.05, 0.1 and 0.2 M) were used as supporting electrolyte for selected 
experiments. The wastewater conditions are shown in Table 5-1. 
Table 5-1 Results of physical and chemical analyzes of degrease wastewater used in the 
experiment 
Name Unit Concentration 
pH (25℃)  6.2 
TOC mg L-1 210 
conductivity ms cm-1 1.42 
b) The reactor 
Electrolyses at the macro-scale were performed in a cell (Fig. 4-1A) equipped with a 
Nickel cathode and a BDD anode (working area A =3.75 cm2) and containing 50 mL of 
solution. The inter-electrode gap was about 2 cm. The microreactor, shown in Fig.5-1, is 
constituted by: 




- two plates of teflon with 2 holes, one for inlet and one for the outlet of the fluid; 
- two neoprene gaskets, each of which is interposed between the plate of Teflon 
containment and the electrode, which ensure the sealing and prevent any loss of 
solution from the cell; 
- two electrodes consisting of two flat plates with the same dimensions; 
- one polytetrafluoroethylene (PTFE) spacer with nominal thickness of 50 μm inserted 




Fig. 5-1 (A) System with pump, micro reactor and tubing. (B) Scheme of the micro-reactor. 
 
5.2.2 Methods  
Electrolyses at the macro-scale were performed under relatively vigorous stirring 
performed by a magnetic stirrer (400 rpm min−1) in order to speed-up the mass transfer 
Solution in 
Solution out
Steel   PTFE  Neoprene  Anode  PTFE  Cathode  Neoprene  PTFE   Steel        
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of the organics to the anode surface. Experiments in the micro reactor were performed in 
a continuous mode with a single passage of the solution inside the cell, using a syringe 
pump (New Era Pump Systems, Inc.) to feed the solutions by stainless steel tubing to the 
cell, with a flow rate between 0.1 and 0.5 mL min−1. These flow rates were chosen in 
order to have treatment times for 50 mL of solution (1 h 40 min and 8 h 20 min for 0.5 
and 0.1 mL min−1, respectively) of the same order of magnitude than that achieved in the 
conventional cell. Electrolyses were performed at room temperature and driven by an 
Amel 2053 potentiostat/galvanostat operated in galvanostatic mode.  
5.2.3 Analysis 
Analyses were the same as reported in 4.2.3. 
5.3 Results and discussion 
5.3.1 Electrolyses performed in conventional cell in the absence of supporting 
electrolyte  
First electrolyses were carried out in a conventional cell without the addition of a 
supporting electrolyte at a boron doped diamond (BDD) anode and a Nickel cathode at a 
current intensity of 60 mA (corresponding to a current density of 16 mAcm−2) for 7 h. As 
shown in Fig. 5-2A, a quite good but not total abatement of TOC of about 62% was 
achieved at the end of the electrolysis. To improve the abatement of TOC, a series of 
electrolyses was carried out at different current intensities (in the range 20-200 mA, 
corresponding to 5.3-53 mAcm−2). As shown in Fig. 5-2A, the performances of the 
process are drastically affected by the current intensity. In particular, the higher was the 
current intensity the higher was the abatement of the TOC; as an example, at the end of 
the electrolyses, the abatement was about 50% and 84% at 20 and 200 mA, because of 
the higher amount of charge passed. The very high abatements obtained at high current 




organics such as BDD. In particular, at BDD the degradation of organics in the absence 
of salts and of added supporting electrolyte is expected to take place mainly by hydroxyl 
radicals generated by water oxidation. Oxygen evolution at BDD starts at about 2.3 V vs. 
SCE by oxidation of water and formation of hydroxyl radicals (Eq. 5-1). As discussed 
more in detail in the previous chapter, various authors have proposed, on the bases of the 
poor adsorption ability of the BDD surface, that hydroxyl radicals generated by water 
oxidation at BDD are free or very weakly adsorbed on the electrode surface. In the 
absence of organics, HO gives rise to the evolution of oxygen (Eq. 5-2). 
H2O →HO + H+ + e−                                                                 (5-1) 
2 HO →O2 +2H+ + 2e−                                          (5-2) 
In the presence of organics, hydroxyl radicals are involved in their oxidation (Eq. 5-3), 
that of course takes place in competition with the oxygen evolution. In the case of BDD, 
quasi-free or weakly adsorbed HO were shown to be particularly effective for the 
degradation of organics [5,6]. 
BDD(HO)n +RH →BDD + CO2 +H2O                              (5-3)  
As shown in Fig. 5-2B, the increase of the current resulted in a decrease of the current 
efficiency (CE), caused by a larger involvement of the parasitic process of oxygen 
evolution, due to the fact that at higher currents the oxidation of organics is expected to 
take place under the kinetic control of the mass transfer of the organics to the anode or 
under a mixed kinetic control. As an example, a final CE of 13% and 2% was obtained at 
20 and 200 mA, respectively.  




Fig. 5-2 Effect of current intensity on (A) the abatement of the TOC, (B) the current efficiency (CE) 
achieved in a conventional cell fed with the real wastewater (initial TOC 210 mg L-1) at BDD anode 
and Nickel cathode. Operative conditions: Rotational rate 400 rpm, electrode surface 3.75 cm2, current 
intensity 20-200 mA. 
 
As shown in Fig. 5-3, very high potential differences were recorded for all these 
experiments, because of the low conductivity of the wastewater, thus resulting in large 
ohmic drops in the solution. Hence, very high energetic consumptions were observed, 
which are not suitable from an applicative point of view. Furthermore, the increase of 
current intensity, which allowed to enhance the TOC removal, resulted in a dramatic 
increase of both cell potential and energetic consumption. The pH was measured during 







































Fig. 5-3 Effect of current intensity on the the average cell potential and energetic consumption (kWh 
gTOC−1) fed with the real wastewater (initial TOC 210 mg L-1) at BDD anode and Nickel cathode. 
Operative conditions: Rotational rate 400 rpm, electrode surface 3.75 cm2, current intensity 20-200 
mA. 
 
5.3.2 Electrolyses performed in conventional cell in the presence of supporting 
electrolyte  
To reduce the energetic consumption, the addition of a supporting electrolyte to the 
solution was evaluated. Sodium sulphate was used for its environmental compatibility. 
NaCl was not used, since its presence can lead during the anodic oxidation to the 
formation of organo-chlorinated compounds that can be more toxic than the starting 
organic pollutants.  
To evaluate the effect of the presence of the supporting electrolyte on the process, two 
series of electrolyses were performed at both 20 and 200 mA, respectively, adding to the 
solution various concentrations of Na2SO4 in the range 0-200 mM. As shown in Fig. 5-4, 
at 20 mA the addition of sodium sulphate had a slight positive effect on the removal of 
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after 7 h of electrolysis adding to the solution 0.1 M of Na2SO4. This positive effect can 
be explained considering that the anodic oxidation of electrolytes containing SO42− at 
anodes with high oxygen evolution overpotential, such as boron-doped diamond or lead 
dioxide, leads to the generation of S2O82− (Eq. 5-4) [7-9], which diffuses to the bulk of 
the electrolyte resulting in a mediated homogeneous reaction with the organic pollutant. 
2SO42−→S2O82−+2e−                                                                   (5-4) 
 
 
Fig. 5-4 Effect of Na2SO4 concentration on(A) the abatement of the TOC, (B)the average cell potential 
and energetic consumption (kW·h gTOC-1) achieved at 20 mA current intensity in a conventional cell 
fed with the real wastewater (initial TOC 210 mg L-1) at BDD anode and Nickel cathode. Operative 
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However, the small increase of the abatement of the TOC observed in the presence of 
large amounts of Na2SO4 suggests that the oxidation of organics present in the wastewater 
by S2O82− is not particularly effective, because of two main reasons: (i) S2O82− are weak 
oxidants at least at room temperature and (ii) at low current density small amounts of 
S2O82− are expected to be formed. Hence, for the adopted wastewater, the degradation is 
likely to take place mainly by electro-generated hydroxyl radicals also in the presence of 
sodium sulphate, at least at low current densities. 
As shown in Fig. 5-4B, the effect of the supporting electrolyte on cell potential and 
energetic consumption. The addition of the supporting electrolyte at 20 mA allowed to 
reduce dramatically the cell potential, and, as a consequence, the energetic consumption, 
because of the drastic reduction of ohmic drops. As an example, the addition of 0.1 M of 
Na2SO4 caused a reduction of the cell potential from more than 9 V to about 4 V and of 
the energetic consumption from 0.23 to 0.06 kW·h gTOC−1. 
It is worth mentioning that at 200 mA, where a more relevant formation of S2O82− is 
expected, a different effect of the concentration of Na2SO4 was observed. Indeed, as 
shown in Fig. 5-5A, the addition of sodium sulphate gave rise to lower abatements of the 
TOC. As an example, after 7 h of electrolysis, the removal of the TOC was 50% and 38% 
in the absence and in the presence of 0.05M Na2SO4. The increase of the concentration 
of Na2SO4 to 0.1 and 0.2 M lead to a further decrease of the final abatement of the TOC 
to 21% and 9%, respectively. A negative effect of the concentration of sodium sulphate 
on the anodic oxidation of organic pollutants was observed also by Zhang et al. [10] for 
the removal of bromophenol blue under various experimental conditions. These authors 
in order to explain their results have pointed out that the formation of S2O82−can involve 
a reaction between Na2SO4 and HO (Eqs. 5-5 and 6). In this frame, it seems reasonable 
to suppose that the presence of sulphates at high currents can reduce significantly the 
concentration of hydroxyl radicals close to the electrode surface, thus reducing the extent 
of the direct oxidation of organics by hydroxyl radicals, which are stronger oxidants than 
S2O82−. 
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BDD(HO) + Na2SO4 →BDD + SO4− +OH−                         (5-5) 
2SO4 − →S2O82−                                                (5-6) 
 
 
Fig. 5-5 Effect of Na2SO4 concentration on(A) the abatement of the TOC, (B) the average cell potential 
and energetic consumption (kW·h gTOC-1) achieved at 200 mA current intensity in a conventional 
cell fed with the real wastewater (initial TOC 210 mg L-1) at BDD anode and Nickel cathode. Operative 
conditions: Rotational rate 400 rpm, electrode surface 3.75 cm2. 
 
As shown in Fig. 5-5B, at 200 mA, the enhancement of the supporting electrolyte 
concentration resulted in a decrease of the cell potential but in a more complex behavior 
for the energetic consumptions. Indeed, the energetic consumption decreased from about 
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increased to about 21.2 kWh gTOC−1 for a further increase of Na2SO4 concentration to 
0.2 M, because of the drastic reduction of the TOC abatement observed for high sulphate 
concentrations at high currents. 
In order to find suitable operating conditions to achieve both high abatements of the 
TOC and low energetic consumptions, a series of electrolysis was performed at various 
currents (20, 60, 100 and 200 mA) with Na2SO4 concentration of 0.05 and 0.2 M.  
 
Fig. 5-6 Effect of current intensity on the (A)final abatement of the TOC and (B) energetic 
consumption (kW·h gTOC-1) achieved after 7 h in conventional cell fed with the real wastewater 
(initial TOC 210 mg L-1) and Na2SO4 (0, 0.05 or 0.2 M) at BDD anode and Nickel cathode. Operative 
conditions: Rotational rate 400 rpm, electrode surface 3.75 cm2, current intensity 20-200 mA. 
 
As shown in Fig. 5-6A, for all the adopted valued of current densities, the experiments 
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of Na2SO4, thus confirming that for the adopted wastewater, a high concentration of 
sodium sulphate is detrimental for the process. At 0.05 M, the curve TOC abatement vs. 
current presented a maximum for 60 mA. This is probably due to the fact that for low 
currents, the oxidation process is too slow, while for the highest values of currents the 
sulphates are likely to consume an excessive amount of hydroxyl radicals, thus making 
less effective the process. 
Furthermore, as shown in Fig. 5-6B, the utilization of the lower concentration of 
Na2SO4 and of 60 mA allowed to reduce drastically the energetic consumption. 
5.3.3 Electrolyses performed in micro cells in the absence of supporting electrolyte 
A series of electrolysis was performed with a micro reactor with an inter-electrode 
distance of 50 µm in the absence of a supporting electrolyte at various currents (20, 60, 
100 and 200 mA) and flow rates (0.1, 0.2, 0.3, 0.4 and 0.5 mL min−1). As shown in Fig. 
5-7A, the removal of TOC increased upon enhancing the adopted current. As an example, 
at 0.3 mL min−1, the removal of TOC was 12%, 73%, 85% and 93% at 20, 60, 100 and 
200 mA, because of the larger amount of charge passed. However, at each value of the 
flow rate, the highest current efficiencies (CE) were obtained at 60 mA (Fig. 5-7B). As 
an example, at 0.3 mL min−1, the CE was 8%, 16%, 11% and 7% respectively at 20, 60, 
100 and 200 mA. At lower currents, lower CE were caused by the low TOC removal, 
probably due to the fact that at too low current densities and working potentials, BDD is 
expected not to generate effectively hydroxyl radicals. Conversely, at high currents, a 
relevant part of the charge is used for oxygen evolution since the oxidation of the organics 
is kinetically limited by its mass transfer to the anode due to both the high current 
densities densities and the very low concentrations of organics achieved in the last part 






Fig. 5-7 Effect of current and flow rate on the abatement of the (A)TOC abatement (B)current 
efficiency achieved in a micro cell fed with the real wastewater (initial TOC 210 mg L-1). Operative 
conditions: BDD as anode, Nickel as cathode, flow rate 0.1-0.5 mL min-1, electrode surface 3.75 cm2, 
current intensity 20-200 mA. 
The removal of TOC was quite low for experiments performed at 20 mA. This may be 
due to the fact that the degradation process of organic pollutants in wastewater was 
controlled by charge transfer kinetics when the current intensity and working potential 
were low, and the amount of HO produced by BDD electrode was not enough to degrade 
the organic pollutant. On the contrary, when the current intensity was too high, the mass 
transfer process of organics to the anode surface determines the electrochemical 
degradation efficiency. As shown in Fig. 5-8, part of the charge was consumed by the 
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maximum current efficiency was always obtained at 60 mA. For example, when the flow 
rate is 0.3 mL min-1, the current efficiency at 20, 60, 100 and 200 mA were 8%, 16%, 11% 
and 6%, respectively. 
 
Fig. 5-8 Diagram of organic pollutants degradation by HO• and oxygen evolution in microfluidic 
reactor (the left and the right figures refers to low and high current densities, respectively). 
 
Fig. 5-9 reports the effect of the current at various flow rate on the cell potential and 
energetic consumption. The lowest energetic consumptions were achieved at 60 mA 
because of the relatively high abatements of TOC, the highest values of CE and the 
limited cell potentials (4.55 V). As shown in Fig. 5-9, the performances of the process are 
strongly determined also by the flow rate, which imposes from one hand the residence 
time and from the other hand the amount of the solution that can be treated by the cell for 
unit of time. A lower value of the flow rate gave higher removal of the TOC because of 
the longer residence time (resulting in larger amounts of charge devoted to the solution). 
However, the utilization of lower flow rates resulted in lower current efficiencies because 
of the higher impact of the parasitic processes. Indeed, at low flow rates, a significant part 
of the cell works in the presence of low concentrations of organics, thus favoring the 
parasitic evolution of oxygen. Furthermore, low flow rates gave higher energetic 
consumptions caused by both the lower CE and the lower amounts of solution treated for 
unit of time. On overall, several operating parameters allowed to achieve very high 
removals of the TOC (Fig. 5-7A). Indeed, an abatement higher than 80% was achieved 




example, at 200 mA and 0.5 ml min−1, abatements of TOC higher than 90% were achieved 
coupled with relatively low energetic consumptions (0.15 kWh gTOC−1). 
 
 
Fig. 5-9 Effect of current intensity and flow rate on the (A)cell potential (B)energy consumption 
achieved in a micro cell fed with the real wastewater (initial TOC 210 mg L-1). BDD as anode, Nickel 
as cathode, flow rate 0.1-0.5 mL min-1, electrode surface 3.75 cm2, current intensity 20-200 mA. 
5.3.4 Technical and economical comparison between adopted routes  
Fig. 5-10 reports a comparison between the adopted routes (e.g., conventional cell (i) 
in the absence and (ii) in the presence of 0.05 M supporting electrolyte and (iii) micro cell 
without the supporting electrolyte) in terms of removal of TOC, cell potential and energy 
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Fig. 5-10 Reaction rate using BDD anode in micro cell, macro cell and macro cell with 0.05 M Na2SO4 
vs. a current intensity. Operative conditions: Initial TOC 210 mg L-1, initial conductivity 1.42 ms cm-
1, nickel as cathode, flow rate in the micro reactor 0.1–0.5 mL min-1, the rotational rate in macro reactor 
is 400 rpm, electrode surface of anodes in both macro and micro reactors 3.75 cm2. 
 
The reaction rates of three different reaction pathways under different current 
intensities were shown in Fig. 5-10. Under most of adopted current densities, the reaction 
rate in the microfluidic reactor was significantly higher than that in the conventional 
reactor with or without electrolyte. Furthermore, at all the currents, the micro cell allowed 
to obtain the highest removals of the TOC (Fig. 5-11). Indeed, micro cells with a very 
small distance between the electrodes allow a significant intensification of the mass 
transport of the organics to the anode, thus speeding up the removal of the TOC and 



























Fig. 5-11 Abatement of TOC using BDD anode in micro cell, macro cell and macro cell with 0.05 M 
Na2SO4 vs. dimensionless charge Qc/Qth (ratio between the charge passed and theoretical charge 
necessary for the removal of organics with a CE of 100%) at various currents: (A) 60 mA, (B) 100 
mA and (C) 200 mA. Operative conditions: Initial TOC 210 mg L-1, initial conductivity 1.42 ms cm-
1, nickel as cathode, flow rate in the micro reactor: 0.1–0.5 mL min-1, the rotational rate in macro 
reactor is 400 rpm, electrode surface of anodes in both macro and micro reactors 3.75 cm2. 
 
Furthermore, small inter-electrode gaps, such as that adopted in this study (nominal 
distance 50 µm), allowed to strongly reduce the ohmic drops, also operating with water 
with low conductivity [12]. Indeed, as shown in Fig. 5-12, the cell potential for the macro 
cell in the absence of supporting electrolyte was drastically higher than that recorded with 
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electrolyte gave slight lower cell potentials with respect also to the macro cell operated 
with Na2SO4.  
 
 
Fig. 5-12 The cell potential using BDD anode in micro cell, macro cell and macro cell with 0.05 M 
Na2SO4 vs. dimensionless charge Qc/Qth (ratio between the charge passed and theoretical charge 
necessary for the removal of organics with a CE of 100%) at various currents: (A) 60 mA, (B) 100 
mA and (C)200 mA. Operative conditions: Initial TOC 210 mg L-1, initial conductivity 1.42 ms cm-1, 
nickel as cathode, flow rate in the micro reactor 0.1–0.5 mL min-1, the rotational rate in macro reactor 
is 400 rpm, electrode surface of anodes in both macro and micro reactors is 3.75 cm2. 
 
For the energy consumption, at all currents the process performed in the conventional 
cell without supporting electrolyte gave very high ECs (Fig. 5-13) caused by the large 
ohmic drops and consequently by the high cell potentials (Fig. 5-12). The process 


































micro reactor only at 60 mA (Fig. 5-13A), while it gave very high ECs at 100 and 200 
mA (Fig. 5-13B and C) caused by the low TOC removals. 
 
 
Fig. 5-13 The cell potential using BDD anode in micro cell, macro cell and macro cell with 0.05 M 
Na2SO4 vs. dimensionless charge Qc/Qth (ratio between the charge passed and theoretical charge 
necessary for the removal of organics with a CE of 100%) at various currents: (A) 60 mA, (B) 100 
mA and (C)200 mA. Operative conditions: Initial TOC 210 mg L-1, initial conductivity 1.42 ms cm-1, 
nickel as cathode, flow rate in the micro reactor 0.1-0.5 mL min-1, the rotational rate in macro reactor 
is 400 rpm; electrode surface of anodes in both macro and micro reactors 3.75 cm2. 
 
In order to compare the three adopted routes, the operating costs were estimated and 
reported in Table 5-2. The operating conditions for each route were selected in order to 
have a final abatement of the TOC of about 70 - 80%. For electrolyses performed in the 
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coupled with a very high cost of treatment close to 20 €/m3, which prevents its utilization 
on an applicative scale. For the macro cell, in the presence of sodium sulphate, the costs 
and the abatements strongly depend on the adopted concentration of Na2SO4 and on the 
current. According to previous considerations (see paragraph 5.3.2), a moderate 
concentration of 0.05 M and a quite low current can be selected in order to achieve both 
high removals of the TOC and low energetic consumptions. In this case, the cost of 
electric energy dropped drastically to 1.5 or 1.9 €/m3 (for an abatement of the TOC of 69% 
and 80%, respectively) that has to be added to the cost of the supporting electrolyte that 
can be estimated to be about 0.4 €/m3 (Table 5-2). Hence, an overall cost between 1.9 and 
2.4 €/m3 can be estimated for the conventional cell added with Na2SO4 for an abatement 
of the TOC of 69% and 80% respectively. In the case of the micro cell, a quite high 
abatement of the TOC can be achieved in short times with respect to the macro cells and 
with low cell potentials, thus allowing to further reduce the operating costs to about 1 
€/m3. Of course, an overall economic estimation has to take in account also the investment 
costs (and the price of BDD anodes that was estimated to be about 8000 €/m2 ), but it is 
worth to mention that they are expected to be quite close for the cells adopted in the study.  
For the electrochemical processes, the operation cost can be assumed close to the sum 
of energetic one and of the cost of the supporting electrolyte. A cost of the supporting 
electrolyte of 52 €/ton was considered. The price of electricity strongly depends on that 
of the country. A cost of 0.05 € kW h−1 was here considered according to [13]. 
Table 5-2 Main operation costs (computed for each cubic meter of treated wastewater) and other 
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supporting electrolyte 




Macro cell with 0.05 M 
Na2SO4 
I = 0.06 A;     
0.4 
  
t = 4.5 h 69 1.5 1.9 
t = 7.0 h 80 2.4 2.8 
Micro cell without 
supporting electrolyte 
I = 0.1 A; flow rate: 
0.4 ml/min 
79 1   1 
 
5.4 Summary  
The anodic treatment at a BDD anode of a real wastewater contaminated by organic 
pollutants and characterized by low conductivity was studied. The process was performed 
under three different conditions: (i) conventional cell in the absence of supporting 
electrolyte; (ii) conventional cell with the addition of Na2SO4 as supporting electrolyte; 
(iii) microfluidic cell without supporting electrolyte. It was found that the performances 
of the process drastically depend on the adopted cell, the presence of the supporting 
electrolyte, the electrolysis time (or the flow rate for the micro cell) and the current. 
1) For the experiments performed in the conventional cell in the absence of supporting 
electrolyte, high abatements of the TOC were achieved, which increased with the 
current. However, the low conductivity of the solution caused very high cell 
potentials that resulted in high energetic consumptions and operating costs that 
prevent the utilization of such route. 
2) In order to decrease the energetic consumption, a supporting electrolyte can be added 
to the wastewater. A non-toxic supporting electrolyte that does not give rise to the 
anodic formation of toxic species has to be selected. However, this option has various 
disadvantages including a more difficult administrative route for the authorizations 
necessary to operate and the cost of the supporting electrolyte. Furthermore, we have 
found that in many operating conditions, the addition of Na2SO4 gave rise to a lower 
removal of the TOC, probably caused by the fact that SO42− can react with HO• with 
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the formation of S2O82−, which are weaker oxidants than hydroxyl radicals. However, 
a proper selection of the concentration of sodium sulphate and of the current can 
allow to achieve high removals of the TOC coupled with low energetic consumptions. 
3) When the process was operated in microfluidic cells without supporting electrolyte, 
very high removals of the TOC were achieved coupled with the lowest energetic 
consumptions, as a result of the low inter-electrode distances that allowed to reduce 
the ohmic drops and to intensify the mass transport of the organics to the anode. 
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Chapter 6. Development of a process without energy inputs using 
a reverse electrodialysis stack and the salinity gradient of 
wastewaters 
6.1 Introduction 
In the past few years, due to the development of cheap and efficient membrane 
technologies, the practical application of reverse electrodialysis (RED) technology has 
become possible. Therefore, more and more attention has been paid to the research on the 
production of electricity from salinity gradient by reverse electrodialysis [1], based on the 
utilization of two solutions with different salt concentration in the RED stack (a high 
concentration solution and a diluted one, named in the following HCstack and LCstack, 
respectively). Scialdone and co-worker first demonstrated that RED can be used to 
generate electric energy and purify Cr (VI) - polluted wastewater at the cathode. Then, 
the wastewater containing acid orange 7 was treated by anodic indirect electrochemical 
oxidation and cathodic electro Fenton process, respectively, in a RED stack. 
However, the utilization of RED for the treatment of wastewater was studied up to now 
using as sources of salinity gradients only seawater and freshwater and brine and 
seawater/freshwater. However, this imposes a strong limitation to the exploitation of such 
method to the cases where the industrial sites that generate/treat the wastewater are 
located where these salinity gradients are available and, in particular, in river estuaries 
and in salt ponds. Hence, in order to extend the applicability of this appealing method, 
other sources of salinity gradients have to be found. In this frame, it is relevant to observe 
that the sites that generate/treat wastewaters in most of cases are centralized plants that 
deal with many different kinds of liquid effluents usually characterized by different 
salinities. We have carried out a survey involving various companies in China and in Italy 
(in different sectors such as pesticides factories, petrochemistry, chemistry and oil 
production), and it was found that, in most of cases, wastewater with different salinity 
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contents are treated in the same site. For example, sites located in Sicily in industrial 
districts and devoted to the treatment of a large number of industrial wastewater deal at 
the same time with liquid effluents with a salt content close to that of freshwater as well 
as effluents with a NaCl concentration higher than that of seawater and in some cases 
close to that of brine. As a further example, petrochemical companies generate, during oil 
prospecting and exploitation activities, large amounts of produced waters (PW), 
containing numerous organics resistant to conventional biological processes, often 
characterized by very different salt contents; i.e., a plant located in the northeastern region 
of Brazil was reported to produce PW with huge differences in salinities (143650 vs. 78.7 
mg L-1) [2]. Hence, it would be particularly appealing to use wastewaters with different 
salinities to drive the electrochemical treatment of some of these wastewaters, since it 
would reduce dramatically the operative costs of the process. 
RED gives rise to a potential difference between the electrodes that can be used to 
produce electric energy and to drive redox processes at the electrodes that can be 
potentially used for many purposes. Hence, in this work we have studied for the first time, 
a RED process for the treatment of synthetic wastewaters contaminated by organics, 
without energy inputs, using the salinity gradient of different synthetic wastewaters.  
6.2 Experimental 
6.2.1 Experimental materials and reactor 
a) Reagents 
Table 6-1 Main reagents 
Reagents Standards Company 
NaCl Chemical Sigma Aldrich  




FeSO4·7H2O analytical Fluka 
CHOOH analytical Sigma Aldrich 
H2SO4 analytical Sigma Aldrich 
b) Reactor 
Experiments were performed in a homemade lab scale stack (as shown in Fig. 6-1A. ), 
equipped with anode and cathode chambers (10 cm × 10 cm × 2 mm), usually 60 anion- 
and 61 cation-exchange membranes (kindly donated by Fujifilm), gasket integrated with 
spacers (Deukum, 0.28 mm thickness) and two external membranes to separate electrode 
compartments and side ones, creating 60 pairs of alternating high concentrated (HCstack) 
and low concentrated (LCstack) chambers. Two external anionic membranes from 
Selemion were used. The exposed area of each exchange membrane was 100 cm2. Two 
peristaltic pumps (General Control SpA) continuously fed the HCstack and LCstack 
solutions at a flow rate of 260 or 200 mL min-1. Two hydraulic circuits were used for 
electrode solutions and the two electrode solutions (HCan and LCcat) were continuously 
recirculated to the electrode compartments and to two different reservoirs (see Fig. 6-1B), 
by two peristaltic pumps (General Control SpA) with a flow rate of 200 mL min-1. Ion 
exchange membranes and the electrode tested during the lab experiments are reported in 
Table 6-2. 
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Fig. 6-1 (A)The main components of the RED system. (B)Scheme of the device with four different 
circulating solution: HC, LC, anodic and cathodic solution. 
 
Table 6-2 Ion exchange membranes and the electrode tested during the lab experiments 
Name  Company 
cationic exchange membrane FujiFilm 
anionic exchange membrane FujiFilm 
external cationic exchange membrane NAfion 
external anionic exchange membrane Selemion 
DSA(Ti/RuO2-IrO2) Magneto  
Carbon felt  Carbone Lorraine 
 






Fig. 6-2 Photo that reports the main components of a RED stack assembled with 60 cell pairs of 
membrane. 
 
6.2.2 Methods  
a) RED system 
Synthetic wastewaters were prepared dissolving NaCl and formic acid into deionized 
water. Experiments were performed with two solutions with high (HC) and low (LC) 
concentrations of NaCl, respectively, similar to that reported for wastewater coming from 
oil production [2]. In particular, for HC the concentration of NaCl was 120 or 143 g L-1, 
while for LC 50 or 78 mg L-1. For results reported in the 6.3.4, the concentration of NaCl 
in the LC solution was strongly changed in the range 78 mg L-1 - 16 g L-1, in order to 
evaluate the effect of the salinity gradient on the performances of the process. Both 
solutions presented a TOC content of 120 mg L-1 obtained by the addition of formic acid. 
Formic acid was chosen as model organic pollutant since carboxylic acids present a quite 
high resistance to electrochemical processes. HC and LC solutions were sent both to the 
Ma Pengfei - PhD Thesis 
 124 
stack (and called HCstack and LCstack, respectively) and to the electrode compartments. In 
particular, HC was sent to the anode (HCan) and LC to the cathode (LCcat). FeSO4• 7H2O 
(0.5 mM) was added to LCcat to catalyze electro-Fenton (EF) process, adjusting the pH 
value to 3 (by addition of H2SO4). DSA anode and carbon felt cathode were assembled 
as shown in Fig. 6-3. In addition, the cathodic electrolytic solution was fed with air.  
b) Conventional system (1 membrane reactor) 
Using a single membrane system, the electrolyte of anode and cathode chamber is 200 
mL, the solution contains 143 g L-1 NaCl, and 10 mM formic acid. An external electric 
energy is supplied by a potentiostat. The experiments were performed at different 
supplied potentials.  
 
Fig. 6-3 Reports the scheme of RED stack showing cationic, anionic and external membranes, 
electrodes, the main reactions occurring in the electrodic compartments, concentrated (HC), diluted 
(LC) and electrodic solutions (ES) flowing in the stack and the ionic flux generated by the salt 
gradients. Anion-exchange membranes (AMs) and cation-exchange membranes (CMs) are used to 
selectively drive the flow of positive ions to the right (toward the cathode) and the negatively charged 
ions to the left (toward the anode). The flow of these charged ions is converted in a flow of electrons 













The potential drop across a fixed external resistance and the current intensity were 
measured by a multimeter Simpson. The overall external resistance was given by the 
contribution of an external resistance (range 0.5–38.5 Ohm) and that of cables and an 
amperometer (with an estimated resistance of about 3.2 Ohm). Power was calculated by 
multiplying the electrical current and the total cell potential. Reported power and current 
densities were based on the cathode geometric area (100 cm2). To evaluate the formic 
acid concentration, Agilent HP 1100 HPLC fitted out with Rezex ROA-Organic Acid H+ 
(8%) column at 55°C and coupled with a UV detector (210 nm) was used; 0.005 N H2SO4 
water solution at solution pH 2.5 was eluted at 0.6 mL min-1 as mobile phase. A pure 
standard of formic acid was adopted to calibrate the instrument for its quantitative 
determination. The total organic carbon (TOC) was analyzed by a TOC analyzer 
Shimadzu VCSN ASI TOC-5000 A.  
The thermodynamic potential generated in the stack is given by Eq. 3-1. 
The power density is given by Eq. 6-1:  
P=△E I/A                                                    (6-1) 
where △E is the potential between external load resistance. I is the current intensity of the 
system. A is the electrode areas (0.01 m2). 
The organic abatement is given by Eq. 6-2: 
X=100 (C0-Ct) / C0                                              (6-2)                                                                        
where C0 is the initial concentrations of formic acid (mol L−1) inside the electrochemical 
cell and Ct is the concentrations of formic acid after electrolysis time t. 
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A calibration curve for the relationship between NaCl and conductivity in the solution 
was prepared (Appendix B). The concentration of NaCl was calculated by the standard 
curve by measuring the conductivity of the solution. 
6.3 Results and discussion  
6.3.1 Treatment of two wastewaters using their salinity gradient to drive the 
process 
As described in detail in the previous section, the case study chosen for this study 
involved two synthetic wastewaters with a TOC concentration of 120 mg L-1 and very 
different NaCl contents close to those reported for two industrial wastewaters produced 
during oil exploitation activities in the same site. An anodic and a cathodic process were 
used to remove organics for HC (HCan) and LC (LCcat), respectively: 
(i) the anodic process was based on the electro-generation of active chlorine by oxidation 
of chlorides at DSA anodes with the formation of free chlorine, hypochlorous acid 
and/or hypochlorite, depending on the pH (Eq. 6-3 and 4), that can oxidize the 
organics (Eq. 6-5).  
2Cl- = Cl2 + 2e-                         (6-3) 
Cl2 + H2O = HOCl + H+ + Cl-                   (6-4) 
HOCl + RH = oxidation products                   (6-5) 
In particular, according to the literature [3], HOCl is the main specie present in the 
solution for a pH between 2 and 7, as happened in our case. 
(ii) an electro-Fenton (EF) process was carried out in the cathode compartment. As 
reported in detail in 4.3.3, EF consists in the two-electron reduction at carbonaceous 
electrodes of oxygen to hydrogen peroxide that is converted in a strong oxidant, the 




can effectively oxidize the organics[4]. 
  As described in literature, iron specie can be complexed by Cl- and/or HO and at pH 
higher than 3 the precipitation of Fe(OH)3(s) is expected [4]. The same HC and LC 
solutions were, in addition, delivered to the membrane pairs of the stack and named 
HCstack and LCstack with the aim to generate the cell potential necessary to drive redox 
processes. 
The same HC and LC solutions were, in addition, delivered to the membrane pairs of 
the stack and named HCstack and LCstack with the aim to generate the cell potential 
necessary to drive redox processes. 
In the first experiment, the external load resistance value was changed in the range of 
0.5-205 Ω (connected with adjustable resistor) and the external load resistance value was 
selected in order to obtain the maximum power density is selected. As shown in Fig. 6-4, 
the maximum power density was obtained at 38.5 Ω external load resistance. 
 
Fig. 6-4 Plot of power densities (computed as the ratio between the power and the geometric area of 
electrode) vs. external resistance varied between 0.5-205 Ω. 
 
The experiments were performed feeding HC (120 g L-1) and LC (50 mg L-1) solutions 
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to provide the salinity gradient; the solutions were continuously recirculated up to the end 
of the experiments. As shown in Fig. 6-5A, at the beginning of the experiment, a cell 
potential DE close to 3 V and a current density i of about 7.6 A m-2 were achieved. DE 
and i decreased with the time passed and reached after 5 h about 2.2 V and 3.8 A m-2, 
respectively, because of the decrease of the salinity gradient (Fig. 6-5B). Indeed, when 
HC and LC solutions go through the stack, a small passage of NaCl from the concentrated 
solution to the diluted one occurs. Since HC and LC solutions are continuously 
recirculated to the stack, it leads to a progressive dilution of HC and to a concentration of 
LC with the time. Indeed, as shown in Fig. 6-5B, after 6 h the concentration of HC 
decreased from 120 to about 114 g L-1 while that of LC increased from 50 mg L-1 to about 
4.3 g L-1. Hence the salinity ratio [NaCl]HC/[NaCl]LC decreased from 2400 to about 27, 
due mainly to the increase of the concentration of NaCl in LC, causing the decrease of 
DE.  
As shown in Fig. 6-6, both solutions were effectively treated. Indeed, after 6 h, a 
removal of TOC was achieved in both anode and cathode compartments; in particular, 
after 6 h, the removal of TOC was more than 90% for anolyte and about 40% for catholyte.  
Hence, these preliminary results allow to point out that the electrochemical treatment 
of two wastewater, contaminated by organic pollutants and characterized by very 
different salt contents, can be in principle achieved without energy inputs using the 
salinity gradient between the two wastewaters. However, the processes present two main 
drawbacks: 
i) while the removal of TOC was very fast in the anolyte (about 60% after 2 h), it 
was very slow in the catholyte (less than 10% after 2 h and about 40% after 4 h);  
ii) about 20 L of wastewater were used for both HC and LC fed to the stack to treat 
just 0.2 L in the electrode compartments: hence, only about 1% of the solution 
used in the stack was effectively treated. Furthermore, HCstack and LCstack 




less suitable to be again employed to treat other volumes of wastewater. 
 
 
Fig. 6-5 The trend of DE and i (A), of concentrations of NaCl in HCstack and LCstack (B) vs. time are 
reported. RED performed with HC (NaCl concentration 120 g L-1) and LC (NaCl concentration 50 
mg L-1) fed to the stack (20 L each, flow rate 260 mL min-1), respectively, in the anode and cathode 
compartments (0.2 L each, flow rate 200 mL min-1). Number of membrane pairs 60, external 
resistance 38.5 Oh, carbon felt as cathode, DSA(Ti/RuO2-IrO2) as anode, Fe2+ (0.05 mM) was added 
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Fig. 6-6 The abatement of TOC in the catholyte and in the anolyte vs. time are reported. RED 
performed with HC (NaCl concentration 120 g L-1) and LC (NaCl concentration 50 mg L-1) fed to the 
stack (20 L each, flow rate 260 mL min-1), respectively, in the anode and cathode compartments (0.2 
L each, flow rate 200 mL min-1). Number of membrane pairs 60, external resistance 38.5 Ohm, carbon 
felt as cathode, DSA(Ti/RuO2-IrO2) as anode, Fe2+ (0.05 mM) was added to the catholyte to catalyze 
EF. 
Hence, in order to solve or minimize these problems, a series of experiments was 
performed changing the operating conditions of the process.  
6.3.2 Effect of external resistance  
A series of experiments was carried out changing the external resistance Re in the range 
1.5 - 38.5 Ohm. As shown in Fig. 6-7, the decrease of Re resulted, as expected, in a 
decrease of the initial value of DE (from 3 V at 38.5 Ohm to 1.5 V at 10 Ohm) and to a 






















Fig. 6-7 Effect of external resistance Re on the current density. RED performed with HC (NaCl 
concentration 120 g L-1) and LC (NaCl concentration 50 mg L-1) fed to the stack (20 L each, flow rate 
260 mL min-1) and, respectively, in the anode and cathode compartments (0.2 L each, flow rate 200 
mL min-1). Number of membrane pairs 60, carbon felt as cathode, DSA(Ti/RuO2-IrO2) as anode, Fe2+ 
(0.05 mM) was added to the catholyte to catalyze EF. 
 
As shown in Fig. 6-8, the decrease of Re and the corresponding increase of i gave rise 
to an increase of the TOC removal in the anodic compartment, due to the higher current 
density that speed up the generation of active chlorine at the anode. As an example, after 
1 h the removal of TOC was 31%, 57% and 85% with 38.5, 10 and 1.5 Ohm, respectively. 
A more complex trend was observed for the abatement in the cathodic compartment. In 
this case, the removal of TOC increased lowering Re from 38.5 to 20 Ohm and decreased 
for a further decrease of Re. In particular, with Re = 20 Ohm, quite high abatements were 
achieved in both compartments at the end of the experiments (about 100% and 70% in 
the anode and cathode compartments, respectively). The presence of a maximum in the 
plot TOC removal vs. Re for the cathodic compartment is due to the fact that, according 
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Fig. 6-8. Effect of external resistance Re on abatement of TOC in the cathode (A) and in the anode (B) 
compartments. RED performed with HC (NaCl concentration 120 g L-1) and LC (NaCl concentration 
50 mg L-1) fed to the stack (20 L each, flow rate 260 mL min-1) and, respectively, in the anode and 
cathode compartments (0.2 L each, flow rate 200 mL min-1). Number of membrane pairs 60, carbon 
felt as cathode, DSA(Ti/RuO2-IrO2) as anode, Fe2+ (0.05 mM) was added to the catholyte to catalyze 
EF. 
 
6.3.3 Optimization of the process 
As above mentioned, only about 1% of the wastewaters used in the stack was 
effectively treated. In addition, HCstack and LCstack at the end of the experiments presented 
a reduced salinity gradient that make them less suitable to be again employed to treat 
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an increased volume, while LCstack had a decreased volume due to a spontaneous passage 
of water caused by the salinity gradient (about 0.3 L of passage from LCstack to HCstack, 
each hour, corresponding to about 1.5% of the total volume). Hence, the system was 
changed in order to increase the ratio between the treated wastewater and the wastewater 
used in the stack to deliver the salinity gradient and trying to maintain stable conditions 
with the time passed (in terms of salinity gradient and current density). In particular, we 
decided to focus only to the treatment of HC wastewater by anodic process, by 
considering to use the LC solution only to provide the salinity gradient. Hence, we 
focused to the ratio between the volumes of HCan and HCstack (named HCtreat/HCstack). 
Among the various approach tested, a promising solution is illustrated in Fig. 6-9 and 
described in the following: 
• at the beginning of the test, HC and LC were sent to the stack and, respectively, to the 
anodic and cathodic compartments with the main aim to optimize the treating of HCan 
and to use LCcat just to provide a cathodic redox process; hence, the operative 
conditions were selected to speed up the anodic treatment in order to achieve a high 
removal of organic contents in 1 h; 
• after 1h, a part of HCstack was withdrawn (about 0.3 L) in order to recover its initial 
volume (20 L) and a part of the withdrawn solution (0.2 L) was sent to the anodic 
compartment to replace the solution treated in the first hour; in addition, LCstack 
solution was partially substituted with fresh one, in order to restore its initial volume 
and increase its salinity content; 
• the operations carried out after 1h, were repeated each hour. In particular LCstack 
solution was partially substituted with fresh one, in order to restore its initial volume 
and obtain an almost stable salinity content under steady-state conditions. 
This approach (described in Fig. 6-9) allowed to achieve a good stability of operating 
conditions after a transitory stage (about 4 h) for all the monitored time (tests were carried 
out for 10 h). 
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Fig. 6-9 Scheme of the process. RED performed with HC (NaCl concentration 120 g L-1) and LC 
(NaCl concentration 50 mg L-1) fed to the stack (20 L each, flow rate 260 mL min-1) and, respectively, 
in the anode and cathode compartments (0.2 L each, flow rate 200 mL min-1). Number of membrane 
pairs 60, carbon felt as cathode, DSA(Ti/RuO2-IrO2) as anode, Fe2+ (0.05 mM) was added to the 
catholyte to catalyze EF, Re = 3.7 Ohm. 
 
Indeed, as shown in Fig. 6-10A, a quite good and constant value of the abatement of 
TOC was achieved (~ 70%), coupled with an almost constant plateau value of both the 
current density (~ 10 A m-2) and salinity gradient (~ 77) (see Fig. 6-10B). It is worth to 
mention that the abatement of formic acid was quite good if compared with other results 
reported in literature for its anodic oxidation in undivided cells provided with DSA or 
boron doped diamond anodes [6]. It is relevant to observe that under adopted operating 
conditions, HCtreat/HCstack is close to 67% under steady-state conditions vs. the 1% 
obtained in preliminary experiments reported in the previous paragraphs. In additions, 
even if LC solution was used only to provide the salinity gradient, also a slow removal of 
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Fig. 6-10 The trend of abatement of TOC(A) in the anodic compartment, salinity ratio and current 
density (B) vs. time. RED performed with HC (NaCl concentration 120 g L-1) and LC (NaCl 
concentration 50 mg L-1) fed to the stack (20 L each, flow rate 260 mL min-1) and, respectively, in the 
anode and cathode compartments (0.2 L each, flow rate 200 mL min-1). Process performed according 
to the approach described in Fig. 6-9. Number of membrane pairs 60, carbon felt as cathode, 
DSA(Ti/RuO2-IrO2) as anode, Fe2+ (0.05 mM) was added to the catholyte to catalyze EF, Re = 3.7 
Ohm. 
 
6.3.4 Effect of the salinity ratio 
Above mentioned experiments were performed using synthetic wastewaters with a 
quite high salinity gradient similar to some wastewater previously described in literature 
[2]. In order to evaluate the extendibility of the proposed approach to other wastewater 
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characterized by different salinity gradients, experiments were repeated with various 
values of the initial salinity ratio SRin. In particular, a fixed HC solution was used (NaCl 
concentration 143 g L-1), while the concentration of NaCl in LC was changed in the range 
78 mg L-1 - 16 g L-1, in order to have a huge range of SRin (9 - 1860). The same approach 
described in the previous paragraph and in Fig. 6-9 was used for all these tests.   
As shown in Fig. 6-11, the power generation of RED system decreased rapidly with 
the decrease of the SR. When the SR were 1860, 55, 18, 8, the maximum power density 
generated by the system were about 8.8, 5.4, 2.2 and 0.32 W m-2 respectively, and the 
maximum current intensity were also greatly reduced. 
 
Fig. 6-11 Plot of power density vs. current density varied between 0.5-205 Ω resistance vs. time 
recording a stack equipped 60 cell pairs of membranes and running in sequence with different NaCl 
concentration (78.77 mg L-1, 2.6, 8, 16 g L-1) in LC. (143 g L-1 NaCl in concentrated solution, external 
resistance 3.7 Ohm, carbon felt as cathode, DSA(Ti/RuO2-IrO2) as anode, electrode area 100 cm2, 0.5 
mM Fe2+(pH<3) in cathodic chamber). 
As shown in Fig. 6-12, quite stable conditions were obtained in all the tests showing 
that the approach presented in the previous paragraph can allow to operate with almost 
constant values salinity ratio (Fig. 6-12A) and current density (Fig. 6-12B) for various 






Fig. 6-12 Effect of the SRin on SR trend (A) and current density (B) vs. time passed. RED performed 
with HC (NaCl concentration 143 g L-1) and various LC (NaCl concentration 78 mg L-1 and 2.6, 8 and 
16 g L-1) fed to the stack (20 L each, flow rate 200 mL min-1) and, respectively, to the anode and 
cathode compartments (0.2 L each, flow rate 200 mL min-1). Process performed according to the 
approach described in Fig. 6-9. Number of membrane pairs 60, carbon felt as cathode, DSA (Ti/RuO2-
IrO2) as anode, Fe2+ (0.05 mM) was added to the catholyte to catalyze EF, Re = 3.7 Ohm. 
 




Fig. 6-13 Effect of the SRin on the anodic removal of TOC (A), and cathodic removal of TOC (B) vs. 
time passed. RED performed with HC (NaCl concentration 143 g L-1) and various LC (NaCl 
concentration 78 mg L-1 and 2.6, 8 and 16 g L-1) fed to the stack (20 L each, flow rate 200 mL min) 1 
and, respectively, to the anode and cathode compartments (0.2 L each, flow rate 200 mL min-1). 
Process performed according to the approach described in Fig. 6-9. Number of membrane pairs 60, 
carbon felt as cathode, DSA (Ti/RuO2-IrO2) as anode, Fe2+ (0.05 mM) was added to the catholyte to 
catalyze EF, Re = 3.7 Ohm. 
 
However, the removal of TOC strongly depended on the salinity ratio. As an example, 
as shown in Fig. 6-13A, for the highest SRin the anodic abatement achieved every hour 
was close to 70% while it decreased to about 55% for SRin = 55, to 33% for SRin 18 and 
to about 5% for SRin = 9. The lower removal of TOC achieved decreasing SRin was due 
to the lower current densities. Indeed, i decreased from about 10 to 8.6, 4,4 and < 1 A m-




too low and, consequently, the process seems less feasible from an applicative point of 
view. However, for the other adopted SRin the process seems feasible, even if lower SRin 
imposes or lower removal of TOC or longer treatment times. Fig. 6-13B reports the 
removal of TOC for the cathodic compartment; very high removal were obtained at long 
times when SRin were 1850 and 55. 
6.3.5 Energy consumption assessment with 1 membrane system 
A cell with an ion exchange membrane was assembled. The potentiostat was connected 
to add electric energy to the system. As shown in Fig. 6-14, adding 2 V applied voltage, 
the corresponding current density was about 40 Am-2. 34%, 57%, 78% and 85% 
abatements were obtained after 1, 2, 3, 4 h electrolysis, respectively. 
As shown in Table 6-3, formic acid removal in the anodic compartment and energy 
consumption of 60 cell pairs of membranes and single membrane systems were compared. 
In the RED system (60 cell pairs of membrane), 68%, 55%, 34% and 8% TOC abatements 
were obtained when the SR was 1860, 55, 18, 9, respectively, and corresponding energy 
consumption were 0. While using a single membrane system and the external electric 
energy, the TOC abatement was 34%, 57%, 78% and 85%, corresponding to 0.1, 0.11, 
0.12, 0.15 kW·h g TOC⁻1 and 2.1, 4, 5.85, 7.8 kW·h m⁻3, respectively.  
 
 




Fig. 6-14 The (A) anodic abatement of formic acid and (B)current density and vs. time and external 
potential with 1 membrane (143 g L-1 NaCl in the solution, carbon felt as cathode, DSA(Ti/RuO2-IrO2) 
as anode, electrode area 100 cm2, 0.5 mM Fe2+(pH<3) in cathodic champer). 
 
Table 6-3 Technological and economic comparison for treating high NaCl containing formic 
acid wastewater with 60 cell pairs of membranes and 1 membrane 
membrane 
HC  
(g L⁻¹ NaCl) 
LC 
(g L⁻¹NaCl) 
   SR 
abatement / % 
energy consumption 
kW·h gTOC⁻¹ kW·h m⁻³ 
60 cell pairs of 
membrane 
143 0.07877 1860 68 0 0 
143 2.6 55 55 0 0 
143 8 18 34 0 0 
143 16 9 8 0 0 
1 membrane 143 143 
 
1 
34 0.1 2.1 
57 0.11 4 
78 0.12 5.85 












































6.4 Summary   
It was shown for the first time that two synthetic wastewaters with different NaCl 
concentration can be used in a RED system to drive anodic and cathodic processes for the 
removal of their organic contents. The main results achieved in the work are reported 
below. 
1) The two synthetic wastewaters used to feed the salinity gradient to the stack were 
treated in the anodic compartment by electro-generated chlorine and in the cathodic 
one by electro-Fenton process. The anodic compartment was used for the waster with 
high NaCl content and the cathodic one for that with low NaCl concentration. A good 
removal of TOC was achieved for both compartments. 
2) The decrease of the external resistance allowed to increase the current density and to 
achieve a very high removal of TOC in the anodic compartment in short times. 
3) It was shown that the rate of removal of organics strongly depends on the salinity 
gradient between the two waters. 
4) It was possible to develop a set-up that gives continuous and stable operations with 
the time that allows to treat about 2/3 of one of the two wastewaters used to provide 
the salinity gradient. 
Further studies will be necessary for the optimization of the method. In particular, the 
utilization of real wastewaters will be useful for a fully evaluation of the proposed 
approach. 
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Chapter 7. First utilization of Assisted Reverse Electrodialysis 
for CO2 electrochemical conversion and treatment of wastewater  
7.1 Introduction  
In recent years, some authors have proposed to use salinity gradients to sustain redox 
processes for the synthesis of chemical or the treatment of wastewater adopting RED 
stacks assembled with relatively few membrane pairs and salinity gradients available in 
nature or in industrial plants, thus saving the electric energy necessary for conventional 
electrolysis processes. In particular, some groups have shown that it is possible to use 
river, seawater and/or brine solutions to treat various kinds of wastewater both in lab-
scale devices and in a pilot-plant scale, while others have shown that RED can be used 
for the generation of hydrogen using both natural salinity gradients and thermolytic 
solutions regenerated by waste heat [1-6]. In the previous chapter, it has been observed 
that plants devoted to the treatment of industrial wastewater deal often with waters 
characterized by different salinity and the relative salinity gradient can be used to depurate 
part of these wastewaters by RED, allowing potentially a huge saving of energy. 
However, the development of redox processes driven by salinity gradients is strongly 
limited, in order to use not too large and too expensively RED stacks, to cases where 
small cell potentials are required and large salinity gradients are available, thus not 
allowing to exploit the energy present in waters with limited salinity gradients or to help 
processes that require high cell potentials. In this context, we have studied for the first 
time the utilization of assisted reverse electrodialysis (A-RED) in order to use a larger 
range of salinity gradients to sustain electrolysis processes characterized also by high cell 
potentials.  
In A-RED, an external current is applied in the direction of the diffusional transport of 
ions which follows chemical potential gradients, thus allowing to couple the external 
electric energy and the energy coming from salinity gradient [7]. A-RED, which was 
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successfully proposed up to now only for desalination process, can be potentially used to 
decrease the required membrane area and/or to use lower salinity gradients and/or to 
achieve high overall cell potentials for the electrochemical synthesis of a large range of 
products. Furthermore, from a theoretical point of view, the system is expected to perform 
better than just the combination of electric and electrochemical driving forces. In 
particular, the utilization of A-RED was proposed and successfully used for the first time 
for two very different purposes: (i) the treatment of synthetic wastewater contaminated 
by organics; (ii) the conversion of carbon dioxide to high added value products. These 
processes were chosen as particularly promising examples, since an improvement of 
economics is necessary for the passage on an applicative scale, which could potentially 
be achieved using salinity gradients available in industrial plants.  
7.2 Experimental 
7.2.1 Experimental materials and reactor 
a) Reagents 
Table 7-1. Main reagents 
Reagents  Standards Company 
HNO3 analytical Romil 
air 99.999% purity Rivoira 
Other reagents are the same as Table 6-1. 
b) Reactor 
The reactor is the same as 6.2.2. The stack was connected with a fixed external 
resistance (0.3 or 3.7 ohm) and a potentiostat (Amel 2053 potentiostat/galvanostat) which 




in order to evaluate the energy consumption saved by RED system, some electrolyses 
were repeated in the same stack described above with the same apparatus but using the 
same solutions in HC and LC or with just 1 membrane. The two electrode chambers (10 
cm ×10 cm × 2 mm) contained a Tin foil cathode, (1.0 mm thick, assay > 99%, metals 
basis , was used for experiments devoted to conversion of carbon dioxide and treatment 
of wastewater, respectively) and a titanium meshes coated with Ru–Ir anode (geometric 
surface area 10 cm × 10 cm). 
Table 7-2 Electrode tested during the lab experiments 
Name  Company 
Tin foil CARLO ERBA Reagents S.r.l..Italy 
Others the same as Table 6-2. 
7.2.2 Methods  
The schematically shown in Fig. 7-1. Synthetic wastewaters were prepared dissolving 
NaCl and formic acid (120 mg L-1) into deionized water (lab-utility, conductivity < 0.5 μS 
cm-1). Formic acid was chosen as organic model compound, according to the literature, 
since carboxylic acids are rather resistant to oxidation by electrochemical methods. For 
experiments devoted to the anodic treatment of synthetic wastewater, solutions used in 
HC and LC compartments were prepared by dissolving NaCl (143 g L-1 in HC and 16, 
32, 64 and 143 g L-1 in LC) into deionized water. LC solution was sent also to the cathodic 
compartment. For experiments devoted to the conversion of CO2 to HCOOH, solutions 
used in HC and LC compartments were prepared by dissolving NaCl (150 g L-1 in HC 
and 0.05, 0.5 and 150 g L-1 in LC) into deionized water. HC solutions was sent also to the 
anodic compartment. Cathodic solution contained 0.1 M Na2SO4 as supporting electrolyte 
at a solution pH = 4 and was fed with 0.25 L min-1 CO2. H2SO4 was used to set the pH, 
measured with a HANA pH-meter. Before each experiment, tin foil was subjected to 
mechanically smoothing treatment, chemically treated with 11%vol HNO3 (HNO3, Assay 
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67%-69%,) water solution for 2 min and washed with an ultrasound bath in deionized 
water for 5 min. In addition, the cathodic electrolytic solution was fed with air or CO2 for 
experiments devoted to the anodic treatment of synthetic wastewater or the conversion of 
CO2, respectively.   
For each tested operative condition, at least 2 experiments were performed to be sure 
that reproducible results were achieved with a difference between the results lower than 
5%. 
 
Fig. 7-1 Schematic representation of a RED stack showing cationic (CM), anionic (AM) and external 
membranes, electrodes, electrode chambers and concentrated (HC), diluted (LC) and electrode 
solutions (ES) flowing in the stack and the ionic flux generated by the salt gradients. Assisted-RED 
process is carried out by applying an external additional cell potential between the two electrodes in 
the direction of the diffusional transport of ions (purple circuit); RED process is performed without 
any external additional cell potential. i) The orange circuit refers to the anodic treatment of wastewater 
contaminated by organics; ii) the green circuit is related to the cathodic conversion of CO2 (in this 







The potential drop across a fixed external resistance and the current intensity were 
measured by a multimeter Simpson. The overall external resistance was given by the 
contribution of an external resistance (range 0.5–38.5 Ohm) and that of cables and an 
amperometer (with an estimated resistance of about 3.2 Ohm). Power was calculated by 
multiplying the electrical current and the total cell potential. Reported power and current 
densities were based on the cathode geometric area (100 cm2). To evaluate the formic 
acid concentration, Agilent HP 1100 HPLC fitted out with Rezex ROA-Organic Acid H+ 
(8%) column at 55°C and coupled with a UV detector (210 nm) was used; 0.005 N H2SO4 
water solution at solution pH 2.5 was eluted at 0.6 mL min-1 as mobile phase. A pure 
standard of formic acid was adopted to calibrate the instrument for its quantitative 
determination. The total organic carbon (TOC) was analyzed by a TOC analyzer 
Shimadzu VCSN ASI TOC-5000 A.  
The organic abatement (X) was defined by Eq. 6-3: 
7.3 Results and discussion 
7.3.1 Anodic treatment of synthetic wastewater 
The first case-study involved the anodic treatment of a synthetic wastewater with an 
initial TOC content of 120 mg L-1 with the aim of reducing its TOC content. The process 
is based on (i) the anodic oxidation of organics at the anode and (ii) above all on the 
electro-generation of active chlorine by oxidation of chlorides at dimensional stable 
anodes that results, for solution pH between 2 and 7, mainly in the formation of 
hypochlorous acid (Eqs. 6-3~5), that is able to oxidize organics (Eq. 6-6).  
E° for chlorides reduction to chlorine is 1.36 V vs. SHE and a small overpotential is 
expected at adopted Ru based anodes. At the cathode, for small current densities, the 
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reduction of oxygen solubilized in water is expected (working potential between -0.2 and 
-0.4 V at carbonaceous cathodes) while for high currents, when the oxygen reduction 
becomes limited by mass transfer, the hydrogen evolution takes place needing larger 
potentials. A series of RED, electrolysis and A-RED experiments were performed for 3 h 
changing both the salinity gradient and the external applied cell potential in order to 
evaluate for the first time the utilization of A-RED for the treatment of wastewater 
contaminated by organics and to compare its performances with that of RED and 
electrolysis. The removal of TOC and the energetic consumption related to the external 
applied cell potential were recorded in order to evaluate the performances of the process. 
First, RED experiments were carried out (without external supply of cell potential). In the 
absence of salinity gradient, neither current nor abatement of TOC were observed, thus 
showing that no mineralization is achieved without the activation of the anodic redox 
process. In the presence of salinity gradients, a current density is observed, thus allowing 
the oxidation of formic acid and the reduction of TOC. Indeed, the presence of the salinity 
gradient in a stack assembly of N membrane pairs results in an electromotive force E 
given by Eq. 7-1: 
E = 2N a R T ln (SR) / F                        (7-1) 
where R is the gas constant, T the absolute temperature, a is the average permselectivity 
of the membrane pair, SR is the ratio between the solute activities in concentrated and 
diluted solutions, respectively, and F the Faraday constant.  
In particular, for SR = 9, an initial current density close to 9 A m-2 and a high removal 
of TOC was achieved, which reached 90% after 3 h. For lower SR, both the current 
density and the removal of TOC decreased (Fig. 7-2A). As an example, the initial current 
density decreased from about 9 to 3 A m-2, when the SR decreased from 9 to 4.4. Indeed, 
according to Eq. 7-1, a decrease of the SR results in a lower electromotive force and, as 
a consequence, in lower current densities. In particular, the removal of TOC for SR = 2.2 
was very low (about 10% after 3 h), thus showing that this low salinity gradient is not 




Fig. 7-2B reports some electrolyses carried out in the same stack without salinity 
gradient (SR = 1), supplying different cell potentials (1.5, 2.0 and 2.5 V) for 3 h by a 
potentiostat. For an applied cell potential of 2.5 V, a quite high abatement close to 80% 
was observed after 3 h, but a relatively high energetic consumption was necessary (0.28 
kWh gTOC-1). At 2.0 V the final abatement was still quite good (about 70% with an 
energetic consumption of 0.21 kWh gTOC-1); conversely, when the cell potential was 
decreased to 1.5 V, the removal of TOC was quite low (33%), showing that this cell 
potential is not high enough to provide an effective mineralization of organics.  
 
 
Fig. 7-2 Removal of TOC in the anodic compartment achieved by RED (2A) or electrolysis (2B). RED 
was performed with SR = 9, 4.4, 2.2 and 1.0. Number of membrane pairs 60. Electrolyses were 
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Fig. 7-3 reports the results achieved by A-RED, performing a series of experiments 
with different salinity gradients (2.2, 4.4 and 9) and external cell potentials supplied by 
the potentiostat. Hence, in this case, an external current is applied in the direction of the 
diffusional transport of ions which follows chemical potential gradients, thus allowing to 
couple the external electric energy and the energy coming from salinity gradient. In 
particular, an external cell potential of 1.0 or 1.5 V, insufficient to sustain effectively the 
standalone electrolytic process, was provided to the stack by the potentiostat. 
 
Fig. 7-3 Theory potential obtained by Eq. 5-1. RED was performed with SR = 9, 4.4, 2.2 and 1.0. 
Number of membrane pairs 60. Electrolyses were performed in the same stack at different cell 
potentials (1.5, 2.0 and 2.5 V with SR = 1). 
 
Fig. 7-4A and 4B show that, for both 1 and 1.5 V, the enhancement of the salinity ratio 
resulted in an increase of the abatement of TOC for any value of the time passed. At 1.0 
V, the presence of a salinity gradient allowed a significant removal of TOC (Fig. 7-4A). 
Very good abatements of TOC were achieved after 3 h with SR = 9 (abatement close to 
95%) and 4.4 (abatement close to 85%). It is worth to mention that the coupling of a low 
SR of 2.2 and of a low cell potential of 1.0 V, that gave quite low abatements (< 10%), 
respectively, in RED (Fig. 7-2A) and in electrolysis (Fig. 7-2B) standalone processes, 
allowed to obtain an abatement close to 50% by A-RED (Fig. 7-4A), thus showing the 



















Fig. 7-4 Removal of TOC in the anodic compartment achieved by A-RED with an external supply of 
cell potential of 1 V (A) or 1.5 V (B). A-RED performed with SR = 9, 4.4, 2.2 and 1.0. Number of 
membrane pairs 60. 
 
At 1.0 V, the presence of a salinity gradient allowed appreciable current densities (Fig. 
7-5A). The utilization of salinity gradients allowed to increase the current density (Fig. 
7-5B) and to achieve very good abatements (Fig. 7-4B) for all adopted SR (after 3 h, 100% 
for SR = 4.4 or 9 and 83% for SR = 2.2). 
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Fig. 7-5 Current density achieved by A-RED with an external supply of cell potential of 1 V (A) or 
1.5 V (B). A-RED performed with SR = 9, 4.4, 2.2 and 1.0. Number of membrane pairs 60. 
 
In all these cases, a quite low final energetic consumption (computed by the energetic 
consumption necessary to reduce the TOC content of 1 g) was achieved (Fig. 7-6A). In 
particular, the lowest energetic consumption of 0.04 kWh gTOC-1 was obtained at SR = 
9. At 1.5 V, where the standalone electrolysis gave an abatement close to 33%, 
Furthermore, a significant reduction of the energetic consumption (Fig. 7-6B) was 
observed in the presence of the salinity gradient, with respect to electrolysis process. In 
particular, at 1.5 V the utilization of a low salinity gradient SR = 2.2 allowed to increase 
the removal of TOC from 33% to 85% and to reduce the energetic consumption of about 




electrolysis and RED processes, using lower SR with respect to RED and lower cell 
potentials supplied by the potentiostat with respect to electrolysis.  
 
 
Fig. 7-6 Energetic consumption achieved by A-RED with an external supply of cell potential of 1V 
(A) or 1.5 V (B). A-RED performed with SR = 9, 4.4, 2.2 and 1.0. Number of membrane pairs 60. 
 
The improvements offered by A-RED with respect to electrolysis can be better 
observed looking at Fig. 7-7, where the final removals of TOC obtained at 0, 1, 1.5 and 
2.0 V and different SR are reported. It can be observed that RED process gives very high 
removal of TOC in the absence of external supply of energy only with the highest adopted 
SR; conversely, the standalone electrolysis gives good abatements only at 2.0 V. On the 
other hand, A-RED gives good abatements also coupling intermediates value of both SR 
and external cell potential.  
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Fig. 7-7 The removal of TOC in the anodic compartment achieved by A-RED, RED and electrolysis 
(data of Fig. 7-2 ~ 6). 
 
The same data were plotted again in Fig. 7-8, for fixed SR, at different cell potentials 
applied by the potentiostat. It can be seen that for all the employed salinity gradients, the 
removal of TOC increased applying an external supply of energy. In particular, for low 
SR (Fig. 7-8A), the external supply of energy is necessary to achieve final good 
abatements, while, for high SR (Fig. 7-8B), the supply of external energy is useful mainly 
to accelerate the mineralization process; Indeed at SR = 9, similar removals were obtained 
after 3 h with RED and with 1 h with A-RED at 1.5 V (Fig. 7-8B).  
Hence, on overall the results reported above, demonstrates for the first time that A-
RED can be used for the treatment of wastewater contaminated by organics using small 
salinity gradients and small stacks, allowing to obtain a fast and high removal of TOC 
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7.3.2 Cathodic conversion of carbon dioxide to formic acid  
The electrochemical conversion of CO2 in water to various products, including formic 
acid and CO, seems particularly promising. In particular, it has been reported that the 
utilization of tin cathodes allows the production of formic acid with good faradic 
efficiencies [8-12], particularly in acidic conditions. Agarwal et al. [13] have shown that 
this process could be interesting from an economic point of view, even if further work is 
necessary to enhance the overall economic attractiveness of the process, as an example 
by lowering the energetic consumptions. In particular, the reduction of CO2 at tin cathodes 
requires a working potential between -1.8 and -2.0 V vs. SCE. Hence, if the cathodic 
process is coupled with the anodic oxygen evolution reaction or with the treatment of 
wastewater by electrogenerated active chlorine, as recently proposed to improve the 
economic figures of the process, a large cell potential is required, often higher than 3.3-
3.5 V. Hence, the electrolysis requires high energetic consumptions. Hence, the utilization 
of RED or A-RED could be particularly interesting in order to reduce the energetic costs. 
RED experiments were carried out using a concentration of NaCl of 150 g L-1 (2.6 M) 
in HC and of 50 or 500 mg L-1 in LC, for an initial SR of 3000 and 300, respectively. Fig. 
7-10A reports the production of formic acid vs. time achieved with the two adopted initial 
SR and without salinity gradient. In the absence of salinity gradient, no formic acid was 
obtained, confirming that the activation of cathodic reduction is necessary to convert CO2 
to formic acid, while in the presence of salinity gradient, formic acid was obtained. It is 
worth to mention that it is, up to our knowledge, the first time that carbon dioxide is 
converted to formic acid by RED process, thus showing that salinity gradients can be used 
for this relevant scope. According to data reported in Fig. 7-10, both adopted SR were 
able to sustain the electrolytic process (Fig. 7-10C) and the production of formic acid (Fig. 
7-10A), but the experiment performed with higher salinity gradient resulted in higher 







Fig. 7-10 The production of formic acid (A), generation of current density (B), salinity ratio (C) vs. 
time in the cathodic compartment achieved by RED performed with HC (NaCl concentration 150 g L-
1) and LC (NaCl concentration 50 mg L-1or 500 g L-1, corresponding to SR = 3000 and 300, 
respectively).  
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However, the production of formic acid was quite limited, and its concentration 
reached a plateau value after 3 h (Fig. 7-10A), due to the strong decrease of the current 
density with the time passed (Fig. 7-10B). The decrease of the current density is due to 
the passage of ions from HC to LC, thus concentrating the diluted solution and reducing 
the salinity ratio (Fig. 7-10C) that becomes after 3 h not sufficient to sustain effectively 
the cathodic conversion of carbon dioxide. 
Hence, the adoption of A-RED seems particularly important to sustain the electrolytic 
process. A series of A-RED experiments was carried out using an initial SR = 3000 and 
an external applied cell potential of 0.5, 0.65 and 0.8 V by the potentiostat. Fig. 7-11 
reports the results achieved by A-RED, performing a series of experiments with different 
salinity gradients (2.2, 4.4 and 9) and external cell potentials supplied by the potentiostat. 
Hence, in this case, an external current is applied in the direction of the diffusional 
transport of ions which follows chemical potential gradients, thus allowing to couple the 
external electric energy and the energy coming from salinity gradient. Fig. 7-11A shows 
that the supply of a small external cell potential helps significantly the process; at 0.5 V 
the production of formic acid after 4 h was doubled with respect to RED (Fig. 7-11A) and 
the current density decreased in a quite limited way (Fig. 7-12B; 12% of reduction in 4 
h). An increase of the external cell potential allowed to enhance the production of formic 
acid: at 0.8 V (which is lower than one fourth of the cell potential necessary for the 
electrolysis) a final concentration of formic acid of about 6.3 mM was achieved vs. the 







Fig. 7-11. The production of formic acid (A), current density(B) and SR (C) vs. time with SR= 3000. 
Conversion of CO2 to formic acid in the cathodic compartment achieved by A-RED with different 
external cell potentials (0, 0.5, 0.65 and 0.8 V) performed with HC (NaCl concentration 150 g L-1) and 
LC (NaCl concentration 50 mg L-1, corresponding to SR = 3000).  
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Indeed, as shown in Fig. 7-11B, the increase of the external cell potential allowed both 
to enhance and to maintain more constant the current density during the experiment; at 
0.8 V current density decreased of only 3% in 4 h while for RED process the decrease of 
the current density was of 80%, in spite of the fact that all these processes gave a very 
similar trend of SR with the time (Fig. 7-11C). Indeed, at RED the decrease of the salinity 
gradient occurred during the experiment for the passage of ions from HC to LC does not 
allow to sustain the redox processes after 2 h, while in A-RED, the assistance of the 
external energy supply allows the redox processes to work also with a reduced SR. 
 
 
Fig. 7-12 The production of formic acid (A) and the concentration of NaCl in HC and LC (B) vs. time 
for an applied cell potential of 0.5 V for different initial SR. Conversion of CO2 to formic acid in the 
cathodic compartment achieved by A-RED with different external cell potentials (0, 0.5, 0.65 and 0.8 
V) performed with HC (NaCl concentration 150 g L-1) and LC (NaCl concentration 50 mg L-1or 500 




To better evaluate this aspect, some A-RED experiments were repeated at 0.5 V 
reducing the initial SR to 300. As shown in Fig. 7-12A, the reduction of SR lead only to 
a small decrease of the formic acid production. Indeed, in HC the two solutions had the 
same initial concentration of NaCl while, for LC, the concentration of NaCl was 50 and 
500 mg L-1 in the two cases. However, as shown in Fig. 7-12B, the very low initial 
concentration of NaCl of 50 mg L-1 rapidly increased, so that a similar SR was reached 
for the two cases after 1 h. Hence, on overall the results reported in this paragraph 
demonstrates for the first time that A-RED can be used in order to convert carbon dioxide 
to formic acid at very small cell potentials applied by the potentiostat, using different 
salinity gradients and small stacks, and allowing to reduce drastically the energetic 
consumptions with respect to conventional electrolysis. 
7.4 Summary 
Assisted reverse electrodialysis (A-RED) is here proposed for the first time for two 
different model redox processes, the cathodic conversion of carbon dioxide to formic acid 
and the anodic treatment of water contaminated by organics, and compared with both 
electrolysis and RED. The main conclusions of the work for the reduction of carbon 
dioxide to formic acid are: 
1) It was shown, for the first-time, that the cathodic conversion of CO2 to formic acid 
can be performed by both RED and A-RED, saving electric energy with respect to 
electrolysis processes; 
2) The adoption of A-RED increases significantly the production of formic acid and 
gives rise to a more stable current with respect to RED using a small external cell 
potential of 0.5-0.8 V; as an example, with an applied cell potential of 0.8 V, a final 
concentration of formic acid of about 6.3 mM was achieved vs. the 2.0 mM obtained 
by RED. 
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The main conclusions of the work for the anodic removal of TOC for a synthetic 
wastewater are:  
1) RED was used for the first time for the anodic treatment of a synthetic wastewater 
contaminated by organics; in particular, A-RED gives higher abatement of TOC with 
respect to RED and requires lower applied cell potentials with respect to electrolysis; 
as an example, after 2 h with a SR = 4.4, an abatement of the TOC of about 55 and 
92% were obtained, respectively, by RED and A-RED (with an applied cell potential 
of 1.5 V), while at 1.5 V an abatement lower than 30% was obtained by electrolysis;  
2) The removal of TOC increased by means of an enhancement of salinity gradient 
and/or of the applied cell potential;  
3) The adoption of A-RED allowed to obtain a partial removal of the TOC also using a 
low salinity gradient of 2.2, which is not sufficient for RED process, strongly 
reducing the energetic requirements with respect to electrolysis.  
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Chapter 8. Conclusions and innovations  
The work carried out during the PhD thesis aimed to find innovative routes to face 
some problems involved in the electrochemical treatment of wastewaters contaminated 
by organics. The main findings of the studies performed during the thesis are reported 
below. 
1) Electro-Fenton process can be improved by enhancing the conversion of oxygen to 
hydrogen peroxide in undivided cells equipped with cheap cathodes selecting 
proper operating conditions. The amount of hydrogen peroxide accumulated in the 
solution during electrolysis does not depends only on the amount produced on the 
surface of the cathode but also on its decomposition reaction on the surface of the 
anode. When the ratio of the surface area of the cathode to the anode increases from 
1 to 4, the smaller anode area reduces the decomposition reaction of H2O2 at the 
anode, and the accumulation of H2O2 increases 3-4 times. When the current density 
is adjusted and the working voltage is -0.9 V vs. SCE, the maximum H2O2 
accumulation concentration can be obtained in the solution. Furthermore, Ti/IrO2-
Ta2O5 anode facilitates the accumulation of H2O2, inhibiting the decomposition of 
H2O2 on the anode surface. With respect to previous papers devoted mainly to the 
cathode function, the thesis provided a new approach and avoided the high cost of 
complex electrolysis equipment and of electrode material modification. 
2) For direct electrochemical oxidation of organics, the performances of the process 
depend dramatically on the content of NaCl and of other supporting electrolytes. 
Furthermore, different anodes could be selected depending on these parameters 
Focusing on real wastewater with low conductivity, the study proposed to replace 
the traditional electrochemical reactor with a microfluidic reactor, and establishes 
a low energy consumption process. 
3) It was demonstrated for the first time that it could be possible to avoid the supply 
of electric energy for the electrochemical treatment of wastewater by using a 
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reverse electrodialysis stack and the salinity gradient of synthetic wastewaters. 
Furthermore, if no high salinity gradients are available or if very high cell potentials 
are needed, a relevant saving of electric energy can be achieved using an assisted 







I would like to express my sincere gratitude to my tutor Prof. Onofrio Scialdone, as well 
as to my co-tutor Prof. Alessandro Galia, for their continuous support during my PhD and 
with related research. Thanks for their patience, motivation, and immense knowledge. I 
am very grateful for their scientific advices and many insightful discussions on my PhD 
work. 
Special thanks go to my laboratory colleagues and friends Claudia Prestigiacomo, Simona 
Sabatino, Federica Proietto, Adriana D’Angelo, Fabrizio Vicari... ... 
Finally, thanks to my mother. Thank you for supporting me for everything in my life!  
.
Publications and Meetings 
 
 168 
Publications and Meetings 
Publications: 
[1] Pengfei Ma, Hongrui Ma, Simona Sabatino, Alessandro Galia, Onofrio Scialdone. 
Electrochemical treatment of real wastewater. Part 1: Effluents with low conductivity. 
Chemical Engineering Journal, 336 (2018) 133–140. 
[2] Pengfei Ma, Hongrui Ma, Alessandro Galia, Simona Sabatino, Onofrio Scialdone. 
Reduction of oxygen to H2O2 at carbon felt cathode in undivided cells. Effect of the ratio 
between the anode and the cathode surfaces and of other operative parameters. Separation 
and Purification Technology, 208 (2019) 116–122. 
[3] Pengfei Ma, Xiaogang Hao, Alessandro Galia, Onofrio Scialdone. Development of a 
process for the treatment of synthetic wastewater without energy inputs using the salinity 
gradient of wastewaters and a reverse electrodialysis stack. Chemosphere, 248 (2020) 
125994. 
[4] Pengfei Ma, Xiaogang Hao, Federica Proietto, Alessandro Galia, Onofrio 
Scialdone. Assisted reverse electrodialysis for CO2 electrochemical conversion and 
treatment of wastewater: A new approach towards more eco-friendly processes using 
salinity gradients. Electrochimica Acta, 354 (2020) 136733. 
Meetings:  
XXXIX GE-RSEQ Meeting. 2-5 July 2018, Madrid, Spain. 
- Electrochemical Treatment of Real Wastewater - Effluents with Low 
Conductivity(oral) 
- Reduction of Oxygen to H2O2 at Carbon Felt Cathode in Undivided Cells - Effect 
of the Ratio Between the Anode and the Cathode Surfaces(poster) 
69th Annual Meeting of the International Society of Electrochemistry. 2-7 September 
2018, Bologna, Italy. 
- Electrochemical Treatment of Real Wastewater with Low Conductivity(poster) 
- Reduction of Oxygen to H2O2 at Carbon Felt Cathode in Undivided Cells. Effect of 
Various Operative Parameters(poster) 
Ma Pengfei – PhD Thesis 
169 
 
"Green Energy, Green Manufacturing, Green Development" National Academic Forum. 
14-16 October, Taiyuan, China. 
- Electrochemical Treatment of Wastewater with very Different Conductivity using 





Appendix A：The activity coefficient of the NaCl solution 
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Appendix B： conductivity of different NaCl concentration 
solution 
 
 NaCl (g L-1)          Conductivity (ms cm-1) 
0 0 
0.05 0.1 
0.2 0.48 
0.5 1.3 
1 3.33 
5 11.51 
20 54.8 
100 234 
150 343 
 
 
 
 
